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ABSfNACT

The spectrun of light scatteùled during binary nolecular

collisions, in gas sampì-es at about one tenth the liquid

density, has been studied both e4perinentally and. theoreti-

cally, ït is foirnd. that the ¡nolecular collision-indueed.

scatterlng (CIS) spectnrm can be accounted for by the sum.of a

conponent due to col-lision-lnduced translational Raman transi-

tions and- a conponent due to collision-induced rotational

naman transitions. The theory of the colllsion-ïnduced.

rotational scattering (CfnS) spectrum has only reeently been

developed.¡ the first quantitative comparlson of theory and

experiment for the CIRS spectmm is presented. hereln,
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CHAPTER 1

ïNTRoDUCTIgN

The present stud.y ls the outgrowth of tl¡e ¡nore-or-less unsec

cessful (from the na,:row vierçoint of the followlng ttrestrs) study 
,.,

of collislon-ind.uced light scatterlng fron liquid.s,I fhe difficulty 'j '

with the study of liquids is that the constj-tuent ¡nolecules are

densely packed., so that the scattered llght spectrun d.epends on the

d.etalls of the nolecular ¡notions as well as d.etalIs of the necha¡rism '..,,.'.'

by whlch Light interaets wlth the molecules. The stralgþtforward ,"t:: : _:ì.

way out of the d.ifficulty ls to choose a system wÍth a d.enslty low i''"'""

enoqgþ that only two molecules at a tine need to be considered. Thus 
i

we have chosen to study the spectmm of llght scattered. from rela-

tively low denslty gases,

Before dlscusslng colllslon-induced. lieht seatterine (CfS), we

will discuss the ¡nechanism by whlctr light ls scattered by a slngle

aton or ¡nolecule. l{ê will adopt the classlcal picture of the lnter-

action of ligþt wlth natter because of lts relative slnpli-city eon-

pared to the guantum mechanlcal descrtptj-on.

Accorcllng to the classical plcture, the osclllating electric

fleld of the liebt wave induces an osclllatlng polarization 1n,the

atom with the sane phase and fbequency as tÌ¡e lncident wave. The

dlpole lnduced. in the aton follows the polarlzlng field. essentially

instantaneously -- even though the fbequency of the light is large

( 6 * tot4 ru for light of wavelength J000 i ¡ tr,. orbital frequency

of even the outer *rell electrons lsusuallyL00 tines larger, and "Lo

the electrons the varlation of the applled. electric field. see¡ns very

slow lndeed.. The oscillatlng dipole ind.uced in the aton is the source
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of a radiated electromagnetlc ¡-ave r{htctr ls called. the scattered wave

and r¡t¡lch has the sane fbequeney, polarlzatlon and. phase as the in-
cldent Trave. tf the aton is weÌl rernoved. fbon lts nelghbours, as in
a dllute gas, then the relative phases of the waves scattered. fboß

nelgþbouring atonrs w111 be rand.om a¡rd the waves wtll add. incohenentlyn

the scattened light riIl have a very wrd.e angurar distrltn¡tlon about
the dlrection of the incldent light bea¡n and ts calred. ,,payreigh,,

scatterecl 1lght

Molecul-es, in add.ltlon, have lnternal vlbnatlonal and rotatlonal
d'egrees of freedom. the polarlzatlon lnduced. in the noleeule by ttre
tncid'ent llght r¡ave ls nod.ulated. at the vibratlonal or rotational
fbequeney of the molesule. The seattered. wave wtlÌ now aLso contaln
the sum and difference of the vtbrational (or rotatlonal) fbeguency

and .the fbequency of the incldent ught lrâvêr ?he phase of the scat-
tered wave depends on the phase of the rnolecular vlbration (or rotation)
and so the scatt*d, fbequency shlfted. Ìraves fÞom neigþbourlng mol_

eeules will add f.ncoherentÌy. This Is called ,rf¡aman,, light scattering.
rn a d.ense nedrtrn, ttre totar Raman scattæed. intehsity is just the sum

ofthetntensityscatte¡ced.byeaetrno1ecu1e,uht1eforffay1.e1ghscat*

tenl-ng we have to take lnto aecount the interference between ¡{aves

seattered f?o¡n lndlvldual ¡nolecules. Itl a perfeet crystal the Rayleigh
scattered waves will aLl eancer to glve zero scatt,ered intenslty* but
ln real llquids and sollds d.enstty fluctuations of the mate¡rlal. will
prevent this flom o""uning.z

rn all the above discusslono lhe fndtvidual- moleeules åre con-.

sidered' as being lndependent scatter5-ng sources - the resultant scat-
tered' wave is determined by superposing all the separatery scattered. r¡aves
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taklng lnto account their phases and amplltudes. ïn the case of
collislon-induced right scattering, lre can no longer consld.er the
dlvidual ¡¡olecules as ind.epend.ent scatteri-ng sources, unaffected.

their nelghbours. consrd.en again the ease of the drlute gas and

particular the light scattered. by a pair of atons when they are
þlose enougþ to intenact appreciably,

The dipole ¡noment induced in the pair of atoms uhen they are close

togettren is generarly rarger than the sum of the flipores on the sep-

arated atoms n]acea in the sane electric field, and the direction of
the ind'uced dipole need no longer be parallel to the incldent electric
field', As the atons nove past each other the amplitude of the scattered

wave will be increased for a sL¡ort time, The ¡irodulatlon of the scat-
tered- nave introd.uces new frequency components 

-the 
collislon-

lnduced scattered' light Ís st¡ifted. in frequency fron the inci¿ent and the

Rayleigh scattered light. The faster the nodulati_on, the larger the
frequency st¡ift. Morecular veloeities are Ín the order of 5 Ã/psec
(JoO n/sec) and. the interaction between atons occurs ¡rlthin about 2.5 Ã,

of the elosest approach distance so that the amplitud.e of the scattered,

wave is ¡nod.ulated for a period. of about 1.0 psec each time a palr of
atoms collide. The peak value of the ¡nodulation is about l0 pereent

of the amplltud.e of the wave scattered by the palr when the atoms are

far apart. The period, of the mod.ulation is very rong compared. to the
period of osclrlation of the light wave, É¡ich is about 0.002 pseco

(See Figure 1-1 a. )

ïIe nray note in passlng that for Rayleigh scattering there is phase

modulation of the scattered ¡rave due to the translatlonal notion of the
atom. For a dilute gas the period of phase nodulation is given þ the

in-

by

in



FIGURE 1 - 1

I'Iodulation oj lhe Scattsred. Iight Amplitude by lqolecular Colli:iogs

f,ach diagram shows the envelope

scattered. light nave and. a schematj-c

tories of the colliding nolecules in
interval.

of the electric field of the
representation of the trajec-
tJre gas during the same time

a) The gas density is about 0.2 nolefliter or less. Only isolated
blnary collisions are important since the tirne in-berval betr+een

1D
collisions. is about 2J psec (25 * 10-'-sec. ), which ls about 2J tines
the d.uration of the intermolecular interaction d.riring a collision.
The amplitude of the seattered nave has a constant value due to
payleigh scattering uiren the morecules are far apart, I^lhen they a.re

sufficiently close together the amplitude of the scattered. wave is
increasedi the niodulated wave has the form of a short pulse on a
flat baseline,

b) The gas density is about 2,O notefliter and the average time
between collisions is abou'V 2"5 psec, Isolated- binary collisions
still .aceount for a large fraetion of all collisions, but triple col-
lisions of the type r,fnere t hits 2 and 2 hits J in rapid succession

are al-so coilrmon. The intensity scatterecl in this type of trÍ.ple coJ.-

I1sion is less than if the two successive collisions were more wid.ely

separated. in time, because of destructive interference between the
rraves scattered in the two collisions,

c) Tire density is about 20 nrole/liter or more and the time between

collisions is only 0.2J psec. It is no longer possible to talk about

isolated binary collisions since the motion of each indivicLual nrolecule

depend.s on the notiou of aIl the o'Lher inolecules in the clus'Èer. The

scat'bered. amplitud.e musf 'Lake j-nto accoun'L a.11 the nolecules in the
cluste::, and i'L Lakes the form of a "ranCon" fLuctuatiorr around -¡¡s

rnean ampli'bude.
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ti¡¡e an aton takes to travel one waverength of light - about ç5ooo þ/
þ Å,/p""") = 10oo psec - r¡hich is a veny rong trrne compared r¡lth the

duration of the events with ¡¡t¡ûch we uill be d,ealing.

Co111s1on-ind.uced. scatterlng fron palrs of ato¡ns or ¡nolecules

becones convenlently observable ln gases at denslties of the order of
I moleflter. (For conparlslon, a gas at NTp has a d.enslty of about

t/25 note/tlter rùrile a riquld. r¡iIr have a denslty of a,bout zJ nore/

Llter' ) tire tlme intenral between successlve collislons of a nolecule

will be about J psec at this d.ensity and there r¡iIl seld.o¡n be nore

than two molecules partlcipatlng ln a collision. At these low d.ensltles ;' : ::: :

the intenslty of the crs will increase as the square of the d.ensity

since the d.ensity of palrs of nolecules i-ncreases as the square of the

denslty of ¡nolecules. At higher densities, colltsions lnvolvi-ng three

molecures wl-1l become more frequent and. the d.enst:by-cubed term be-

comes significant in the egpansion of the scattered. light lntensity as

a polrer serles in the sampì-e density. The sign of the so-called three-

bod'y terrn is negative and the scattered lfght intensity increases nore

slowly than before because of 1t.3 (see piglo.e L-1 b. ) hrhen d.ensities

greater than 10 rnole/ltter are considered the clusters of interactlng

rnolecules a^rs so large that our d.escription, based on the ¡nod.el of
independent blnary collislonç, beeomes inadequate, The modulation of
the scattered wave no longer looks like d.istinct pulses on a flat
baseline but rather undergoes a continual rand.on fluctuation. (see

ptgure 1-1 c' ) Our experlments have been cond,ucted. in the density range

of 0'J - 5,0 mole/liter, r¡here the crs speetrum is convenlent,ly ob-

servable and interpretation in terms of binary collj-sions is possible.

The defining features of coIllslon-incì.uced light scattering in
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the chosen d.enslty range are¡

1) rhe lntenstty beLraves ês f = t(2) pz - r(3) p3, so that the con-

tributlon to the scattered. right due to colllding palrs rnay be ex-

tracted. fìeon the data with IittIe difficulty,
2) ûru CIS spectrum Is "d.epolarized',¡ that is to say, light nray be

scattered. wlth a polarization different tbo¡n that of the incld.ent light,
3) tt¡e speetral distrlbutiqn is very broad. compared. to tl¡at of th.e

The flequency shifts correspond.ing to vlbratlonal Raman seattering

are ¡nuclr larger than those correE)ond.ing to crsr but the flequency

st¡ifts d.ue to Raman scattering by rotating molecul-es lie in the same

range as those due to crs. since the rotational Raman scattering by

a nolecule Ls usuarly much stronger than crs by the same nolecule, and.

ls also depolarized and. occurs at the same frequencles, we have been

forced. to observe only those ¡nolecules for whlch there is no rotatlonal

Raman spectrum. trrte nay ctroose nolecules of tetrahed.ral or higher

s¡rmnetry or atons, rfnene the polarizabllity ls invariant under rotatlons,

The part'Ícular atoms and molecules cL¡osen for this stud.y were Àr,

CH4r CD4r CF4 and SF6.

The object of tl¡is study is to compare tlre experi¡nental and.

theoretical results for the intenslty and spectral distribut,lon of the

light scattered by collid.ing pairs of opticarly isotropic atons or

molecules wlth the hope of elucid.ating the nechanisms involved.. The

thorough trnderstanding of binary cïs 1s considered to be a necessary

prerequisite for an und.erstanding of the nore conplicated three-boC.y

and N-body CIS processes which occur in high denslty gases and liqul¿s.

Even in the two-body case the rnolecular dynamlcs of the collision an¿
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the nrechanisn of lieht scattering are li¡rked_ in descrÌbing the

scattered spectrun' Both the intensity and tt¡e spectral d.istrlbmtion
of the crs spectrun must be stud.ied since, ver¡r roughly, the corlision
d'ynanrics Soverns the spectral wldth while the cluster polarizability
governs the totar intenslty. rn the forlowing chapters ?re wirl d.e-

velop the theory of collislon-induced light scattering by pairs of
rnoÌecules as an extensj.on of the theory for Raman light scatterlng by

a rotating d'iatonic ¡nolecule and the results of our ¡nodel r¡iII be

conpared. with the observed. CïS spectrun.
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cHAmry 3

THE prAToMrc 
BoTgR

Thls chapter wlll consist of a falrry d.etalled dlscussion of
ltght scatterLng by a rotating d,iato¡ntc noIeeule, both ln te::¡rs of
the elassteal theory and the quantum nectranlear theory. The d.is-

cusslón of llght' scatterrng by a palr of corlldlng morecules ln tk¡e

next chapter w111 be an exüenslon of the classlcal scatterlng theory
d'eveloped for the rtgid. d.latonlc rotor. Likenlse, the d.lscussLon of
the quantun rotor r+r11 provlde an introductlon to the theory of eor-
llslon-lnduced rotatlonar scattering covered. in chapten ll.

Besides provld.lng the background for d.iscusslon of colllslon-
induced ught seattenlngo the dlato¡nlc rotor ls important in its om
rlght' As a matten of expenfunental convenlence (bordertng on necesslty)
the lntenslty of tt¡e CIS ftrectrun ls rneasured. by conparing Lt r¡ith the
l-ntenstty of the rotational Ra¡nan Llnes of tb¡e hyd.rogen morecule, The

lnt,ensity of these Ranan lines nay be carculated. uslng the quanturn

neehanical theory of the dlatomlc rotor. Finallyn slnee the theory
of the d'lato¡nlc rotor can be worked out ln both the classical and the
quantun casesr the comparlson of tÌ¡e classlcaL and. quantum results for
the d.latonlc rotor at least glves an ind.icatlon of the accuracy and

range of valldlty of the classlcal approxlmatlon as it is applled. to
light seatten5.ng.

2,L The C1asslcal Case

fn the elasslcal theory of

ls generated by the oselllatlng

lleht seatterLngrl th" scattened. r¡ave

dipole monent indueed. ln an aton by
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the osclllatlng eÌ.ectric fiel_d of the lneldent lieht waveí the
strengttr of the induced. dipole monent is proportlonal to the strength
of the applied electric fierd; the constant of proporüionallty ls
called the polarlzability of the ato¡n. However, the lnduced d.ipole

w111 not in generar lre along t},e directlon of the apprted electric
fleld. uhen we consld.er nolecules rather than atons. The scalar polar_

izability ¡nust be replaced by a seeond rank tensor caÌled. tl'e polar-
løab1Ilty tensor. The induced. dipole noment is now given by the ex-

presslons

ä= sÈ
or ln Carteslan tensor notation¡

di = (r5 n'

tr'or our purposes, the incident 1igþt nave is completely speclfled
by lts anplttude' wavevector and (linear) polarfzation vector* (rn .the

quantum mechanieal descriptlon this is called. the rand.on phase approx-

l¡nation.) tire waveveetor Ë is the vector in the d.irectlon of propa-

gation with nagnltud.e I Ì I = 0)/e. The pol.ari.zatlon vecto" T i" tf,*
vector orthogonal to i Hhlch tles in the directlon of the electric
fleld of the 11ght ?raveo The electrie field of the liêht .¡{ave specj_fied

å+by k,I is¡

È= lËìÏ"* '
The elctrie field. of the light wave radiated by an induced. dipole

oscillating at the frequency ú)s is glven þ3
È"=ir.(Ë",.ã)+

where the subscrtpt s d.enotes "seattered.,, and R is the dlstance
from the scatterlng soì.lrce to the observatlon positlon. The component
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of the sca,ttened frerd nlth polarlzatlon ï" is g.iven by:

i;Ë. = 1".( È" * ( ì" . XË I l*
r¡here ne have expressed. the inducèd d.lpo1e in te¡ms of the noleeular
polarlzabillty and. the appllecl fleld.

nattrdt than work dlrectly rrlth electrlc fleld. a.mplÍtud.es, 1t ls
usual to d'escrlbe the ltght scattenlng ln terms of the differentlal
scattering cross sectlon. The cross sectlon is the ratlo of the

-\ .+
k r Às into the solld. angle d.fL, to the lntensity of the lncld.ents

light wave!

¡-À '- ,2å-= ll"'n"l-_ l*. ¡ì ,drL lËF 
= lX"'rîu*(Èu*grÏ ))l'

=,*"4 z- (t-) 
| ì" . *.T It

wt¡ere the relation Tjl" =i,Ë = 0 has been used. in the last step. 
l

The exlression for the scatterlng cross sectlon just glven
pertalns to a norecule of flxed orlentatlon, r'or a frgely rotatlng
no1ecule, ne must avsrage this expresslon over al1 possi.ble orienùa-
tions of the nolecule ln orden to obtaln tt¡e obsenved. cross section,
The orlentation d.ependence of the ctross sectlon arises flom the orien- i:

tation depend.ence of the components of the polarlzability tensor.

The scatterlng cross seetlon for a fleely rotatlng molecule ¡yll1 be:

#- = t#,u< lÈ. o((o,r l.i l2¡



where the brackets (',. ) denote an average over arr ortenta-
tlons of the frolecule. Thls expresslon glves the total seattened.

lntensity but no lnforr¡atlon about the spectral d.lstrlbutlon of in-
tenslty,

Ïn ord'en to calculate the spectral d.lstælbutlon of the scattered,

ltght, we rlll make use of the Wlener-KhlntcL¡lne theoren Hhlct¡ relates
the powen spectrun of a tlne varylng quantrty to lts autoeo:seratlon
functlon.'rn" autoconcelation functlon of A(t) is deftned. as¡

c(Ð =(att) a(t +r))
r*¡ere tt¡e tnrackets

¡r1
+ I dr A(r) A(r +r) .L tO

The bnackets are also used to d.enote an ensenbre average, that, r.s an

average of the quantlty a(t) a(t +z) over alr posslble states of
the systen' systems for r¡hlch the tine average and the ensenble aver-
age nay be used lnterclrangeably are ter¡ned. r'ergod.1c,,. The lrrj.enen

Khtntchlne theorem states that;

ro(æ) = å.,,. ßt "-l-ka(r) A(r *a ) ) ¡

the frequency spectral intensity dlstributlon of A(t) is just the
Fourler transforrn of tt¡e tinre autocolrelatlon function of the variable
A(t) . Ihe lnverse relatl-on is¡

Thls ls formally ldentlcal wlth or¡r expresslon for the ¿iffenential
scatt'enlng cross sectlon of a nolecuIe. The eor¡eratlon functlon
flon rù¡lctr Tre may cal-culate the spectral dlstrlbution of the scattered
l-lght lsg
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c(z¡ = (*)u < G .S(r).Ì ) (ù, 
S (r +r ),I I >

Before proceed'lng wlth the dlscusslon, we shoul¿ ¡nentlon a cer-
taln l_nconslstency ln our notatlon. lJhtle the cor=eLation function
that ne have just wrltten .om is essentlarly the sa¡ne ass

c(z) ' t

lËl'
the two forms d.lffen ln that t{he factor 

"lttt of

{'ittl = d"'#(t);i) "lt¡'t has been suppressed. in the forner ex-
pression, Forthlsreasonr the spectru¡n calculated. fron the fl¡st cor-
relation functlon wllÌ have ttre fÞequency of tr¡¡s lneld.ent light as its
orlgln and úJ wllr represent ttre flequency strift of the scattered.
light ratlrer than lts actuar flequency, However, the ûJs r¡trlch appears
ln the factor (S)o stilr represents the aetual feguency of the
scattered light and not its frequency sbrtft. sr-nce we are r.nterested
ln the tlne depend'ence arlsing fro¡n noleeular motlons we ¡riLt usually
rnean fbequency shift r¡hen r¡e say fÞequency, but, it should. be crear
from context whether fbequency or fbequency shtft is lnterrted..3

In order to apply our expression for C(r) we nust know the for¡n
of #(t) ' rr the case of a diatonlc ¡nolecule the porarlzablllty ten-
sor ls conpl-etely speeifted in texrns of the polarrlzabilities of the
nolecuLe for electrlc flerds applied pararrel to and perpendicularrto
the lnternuclear axls¡ these two porarizabirltles a.re denoted. c(r and

xI respectively' Ïlhen the nolecuLe has lts s¡mnetry axls oriented
along the space frxed z-axls, the porarlzabllity tensor has dlagonal
fornl

O(=¡w (* 
" -, )



To deter¡nlne ttre tlme d.ependence of S(t) for the dlatonlc rotor we

¡nust first deterrnlne how S transfor:ns und.en rotatlons of the ¡ror_

ecuLe.

Let the unlt vector ì specify the orr.entation of the inter-
nuclear a>cis of the molecule, the conponents of the electrlc fle1d.
E parallel to and per¡rendlcurar to the ¡nolecurar alris a¡e:

E-',, =tG'Ë) and Èr=Ë-Ë, =Ë-t1¡.Ë¡ a

The Carteslan conponents of ä and, o( are thusr+ .-¡. .-\d =$a - \tîtt + ü.îr
èt = uti % = dltr tj EJ +{íElj EJ - ur u¡ E5)

c{U=æárj *Pfut"¡-å6r.J)= aôrj *Fr¡
where e. = !\-ZW : ã.,,d. F= {¿-0(r , the polarlzablltty tensor of

a diatomlc nolecu1e is the sun of an orlentatlon ind.epend.ent part
proportionar to &, called. the lÊotrople part of the polartzabtrlty, and.

an orientatlon d'epend'ent part proportlonaL to p n called. tJ.e anlsotropic
part of the polarizability, ,

Now that we knor¡ the form of ff for a diator¡ie nor.eeure, Ìre nay
attenpt to compute c(r) " The co:rcelatlon fr¡nctlon isg

c(z) = F)u <(î".e((o}î)cf .gr=rî))
= eÐ4 À", trj tr"n ), (xr¡(o) x¡1(z))

nt¡ere the flrst step lnvolves the invariance of the correlatron function
under tine translatlons and the second ls possible becauso irj are i

space fixed and. tine lndependent. The bracket may be ex¡rand.ed. to glve

((r5(o)xp(z)) =Rz 6ij ák, *¡6ij {pn.":,
*&50l <ftù *{fr¡fkl> 

.
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The averag 
" 1f ,¡) may be rrltten explicltly as3

lfr¡) = P1"r"¡ -å5rr)

= # fr"ue ao fTr('r 'j - å sr¡) . , 
,Recarl'1ng the ì ls the unit vector specifylng the orlentatlon of

the lnte¡nuclear axls ¡,rlth respeet to the space fixed z-axis,
/ sl:n1 eo=.p \

È = | sinê "rnç I

\cosê I ,,i, ;o

lte nay easlIy show by dtrect substltution that lprl = 0 " 
'

Henee, our erq)ression sinpllfles to; i'".-',r'"'.,'.

(or¡(o)cr¡¿(z)) :¡t frj 5rr o (pri{r)¡rr(z)) 
:

i
and' r¡e have ønlv 1f ,¡ F') left to r¡ork out' 

isince we are averaging over an ensemble representing an iso-
trop1cgasthetensor1h:&,}1s1sotropic,eventhoughf,¡

l
ls not, The only isotropic fourth rank tensors arce árj {Of , 

i

5¡, 65r and Áu 6¡n . rhe tensor (fr¡foÞ ts s¡nnnerrle in

tr¡e rdaex palrs' lrj and krI beeause the tensor Fr¡ i.s s¡rmmetrle. 
,,,,,,,,.r-r,¡,,,,

The ¡nost genenal fourth rank lsotropic tensor of the requf-red. symmetry r ,r ,

has the forrn: .' ,'

{ft¡foù = a ôrj å,.r * s (&k 6j, * 5i1 å¡¡) ,

The tensor ßr¡ ls traceless, Pr, = traee(flj) = 0 , so that,

1Êrrþoù = Q as nell. thls cond.ition allows us to d.etermine A,

and' the er¡rresslon whlch results when the value of A J.s substituted. is¡

1 pr¡ fxtì, = s (6g 5j, * 6r, 5¡o - â trr6 nr) G
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In order to flx the value .of B we may set i=1, j=k in the
above equatlon, ut¡lch gives the result¡

B: * (prrcol p3{rÞ

=#F"

= ($Ðadtrtîl' + WÐu# (rrtü10¡"ì1=¡ ¡)

= S)ux'tÎ;ìl'
The ctrolce sf one of the four right angJ-e scatterr.ng geometrf.es

d.eserlbed in Figure Z-I allows a further shght slnpliflcatlon of the

'[,Î"'È)jT'l¡ * d"âl' -å tùil' ]
* e)þ # <rr{ t{o),t(r) Þ.(r +}d;il.t

["rfg "r(r) - å årr J

= #P' ( ur(o)u1(r)"¡(o),,r(r) -åE ¡( ur(')ur(o¡ + ur(z),,r(z) )

2
- #P < ldqe,¡"î1a¡l 

2

r^2--ãra r'

= ÈF' (re( tlo¡.tçz¡ ¡ )
¡rhere 'P2(x) = å(' l* - t ¡ is the second regendre pol¡moniar, and.

ì¡o¡'ìçt) rt the eosine of the angre througþ $hi& the inte¡rnuelear
axls has rotated bet¡reen t=0 and. t=E, Havlng determlned B , our
expressi-on ror {ui¡(o) xnr(z)) beco¡nes:

(*a,to¡*1(z)) -*2 6rj6rr o # <rr( r(o)"ür=) ) )
' [ åro ôjr * ðl, 6¡u - å Sr, 8n, ]

Flnally }¡e nay rrrlte down the e4presslon for tho co¡rcelation functlon as¡

c(.c) = þ)u À., ìj ì"n I, (on¡tol woi(z))
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FICURE 2 - I

Polari zat,ion Geometri es

The incident beam travel-s in the y - direction and. is either
vertiearrv (v) or horizontalì-y (H) polarized wi'bh respect to the
scattering (x, y) pIane. The scattered .ligþ.ü is observed in the
x - direct,ion and either the vertically (v) or horizontailv (ä)
polarized. component is selected.. 'de nay note that the spectral
intensities of the light scattered in the WIr HV and HH geonetries
are all equal by symmetry for the gas samples ?ùich we will- be
considering.

''li'r:...'::;...
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e)cpresslon for C(t) I

c(r)vn = c('r)Hv = c(z)rs = (+[)4 # <rr{ t{o)"i(¡) ) >
c(r)w = (þto ç,t * *rf¿*

The contrltrutlon to c(z.) fÞo¡r the lsotroplc part of tlre polarlz- 
,,

abll1ty ls polarlzed parallel to the ineident llght an¿ ls uns¡rifted.

ln fbequeney -- thls ls the Rayleigh scattened. Ltght" ïhe anlsotroplc
part of the polarlzabillty.yields a contrib¡ution which ls d.epolarlzed 

,,,,,,

and whictr is strlfted. in fbequency fron the incldent llght frequency :

because of the tlme d.ependent faetor pz( d(o).t(r) ) - thts is the r, ,

so-ea'tJed. Ra¡nan scattered light.¿l

lfe rnay now ealculate the conelation fl¡nctlon and. hence the
spectral distribution of llght scattered by a d.latomic rotor uslng t¡re
results we have obtained.. tr,or a fbee rotor, the nor¡nallzed. dlstrlbution
functlon of molecular angular speeds at therrnal equili.brlun is justl

''þlexp(-#)*("r) = ffil exp( -æ
Knowlng the distrlbution firnetlon we proceed. as folrowsr

1r"( u1o¡,üçz¡ )> = 1rr( cosgz ))
:.:.:a

-Lu.- 
"o" 

,"*= 
J

= (gÐ4 #{+ + Ëd¿^,e-'æ'r

.1 (*r s(r'r') + llu*"

i'.: :
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l"rycår-lä-rl,kT)

The angular fÞequencies 1^þ rGJ r (,J" are respectlvely the molecular

rotatlon flequency, the frequency strlft and. absolute fÞeguency of
the scattered. 11gþr, Ihe quarrtlty h ß 

*-þ= = E(ro) is a

rqrresentation of the Dirac d.elta function,

the spectrum as pred.icted by ttre classlcal theory has a strarp

centrar component ar, zero frequency shlft wlth a s¡rrunetrÍc palr of
broad peaks on elthe¡r slde of lt, The above result is the seatterlng
cross section per unlt flequeney interval and per unit solld. angle

for a slngle nolecule.

2.2 The guantun Case

-

llhe startlng polnt of the quantun nec}¡anlcal descrlpt^ion of
1lght scattering ls veny different f?om the elassical picturen In the
quantun nect¡anlear case, the scatterlng process is represented by the

follonlng'tro dla6ra$s. 5

krn the first dlagran the orrginar photon, qreclfled by ravevector
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and. polarization vector l, ls absorbed by the nrolecule, pronoting

lt from the lnitlar state I ") to an rntermedlate state I i) o

A short tine later the molecuLe enits tlre scattered. photon, speclfied by
' .s*ravereetor ç_ anil polarlzatlon vectors )" , and makes the transltlon

to the flnal- state l ") . lhe second scattering dlagrarn dlffers
fborn the flrst only in the ord.er of absorptlon and. emisslon. The

lnter¡red.iate state i ù is calred. a ,,vlrtual,, state. Durlng the tlrne

rù¡en the noLecule ls fin" the lnterrnedrate state i r) the energy of
the system 1s not conserr¡ed.. The l-ifettme of such a virtual state is
lt¡nlted by the uncerbainty princlple. The process represented by the

two d'iagrans ls called Ranan scattering. To d.eternine the probahility
of the scattenlng event in r¡hieh the photon ìi 1s replaeed by the

-l -¡photon k", \" and the ¡nolecure goes fbon the state i.> to the
state I ù , we nust sr¡¡n the contributlon of all posslble processes

connecting the tnltlal and final states of t}¡e systen. For eaet¡ of tt¡e
two dlagra¡ns the lntermedlate state must be altowed. to range oven all
the states of the molecule and. the transltlon anrplltud.es co:responding

to the varlous I i> nust be sunned" (rr the enenry differe*ce be-

tr¡een the initial state I o) and an interrnedrate state I i) eoln-

cldes wlth the photon energy' then the seatterlng ctranges and tlre pro-

cess is called' resonance Ba¡nan scattering or resonance fluoreseonce, )

uslng second order perturbatlon theory ?re nay wrÍte üre expres-

slon for the transitlon rate in Raman scattenlng as¡

T<-U*"*t'N¿;-1 ø n lîr"* l\*" , ruËå-l e i>

, NËå , o)' N¡ì-f i

áo

| îrn. I tË",r"
+ trt¡ - €f

l-r =Æl2 ,h*

(*n*



(\,l"Tl'¡{Ët-1 , nlâr,,, | lr¿"*"*r, NËñ, r)

,r ' ")lt
i

, t( to*ñr - En-tar" )

lùË,1 is the nunber of photons j.n the state speclfied by f , " The

ket 
I \;"1r , Sñ-t , o) ls the state wherethetnítlal number

of photons with wavevector and pòlarizatlon Ë"r\ has been increased

by one, the numben of photons in the state. i), has been reduced by

one, and. tt¡e ¡nolecuLe now resides in the state Í") . The operator
/aHlrrt ls the part of the Ha¡niltonlan of ttre system ¡,¡hleh describes
the lntenaetion between rad.latlon and nattero ïn te¡c¡ns of the electrs-
magnetic potentials, the Ha¡nlltonlan of the systen w11.1 be of the forms

^ 
I - ^.^ tî=*(Ë-åil'+e?+v

and. the Lnteractlon Harnllton,l"an r+lIL be¡

lrn = -#(î.î'+A.ö ) *fzâ.Ì+ eg c

¿,mc

1n the eLectric dlpoLe approximatron only tl¡e first tern is retained,

fntroducing the creation and annlhllatlon openators of the photon fleld
and' a Fourien representatlon of the cunent dls.Èributlon, the natrlx
elernents becone, for exanple¡

I I ZnñcZ ,t, -. .+ -sr= ( 
- .^i=-- ) ( xp-t )' (*ir^l) (n ¡ã.T ¡o)
VC Ãrl\ - ! I ' '

r¡hene Ë= "Ei¡ is the dipole openator. Uslng thls result, thejr

+



transltlon rate for Raman scatterlng becones3

f # ,r*r" ç "n^*' )' ,ur" NÈ,ì ( ,Ë",1"*, )

z
I

" Á(t'u + ãuù - ¿n -áø! )

-'r ì-i ,)

iiie'scattering cross section ls the nu¡nber of photons seattered.
lnto the solld angle d-fL per lneld.ent photon, and is glven byg

*fi. = ,H, ( *Ë",r"*, )
c

<'ld"Ì"1ù (i lã;ilù
eo +no_ef

tE= u=!"-*.f- v JË dÉ"f
drL Wfç+-= e.,'æ:Ëril-

nhere tÌ¡e number of states within the solid. angle drL alrd. centened.
.Jtat k" ls h"- d.f)- and. r.¡hene the rnerd.ent flux of photons is

NËrr Ë , substltuting the e4presslon for | , tn" scatterrng cross
sectlon becones¡

T
L

+ (tä"Ìti) 411ã.i"1 ù I 
t

i

In ordinarÍ Raman scatteerlng 
\r\a( 

t a¡¡d we nay use the approx_

'¡natlon 
( ç ilr*t ) * r " (rnthen the Ínctd.ent r¡ea¡n cônes fbo¡r a

glant pulse J-asen, rrlth a t¡rplcal power of ,gB U, then the nunber of
scattered photons ln a slngre state È.ju nay be veny large.
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und'er these conditlons the scatterlng rs strongry entraneed. and .bhe

effect is calleet tl¡e stlmulated. Ra¡nan effect"6

Now that we have obtalned an expressf-on for the Ra¡nan scattenlng
cross sectlon, we w111 apply it to the case of the dlatomrc rotor.?
1n ord.er to eonpute the natrlx erernents, ne nake the assunptlon that
the ove¡raLl wavefunetion of tt¡e ¡nolecure nay be factored. into an elee-.
tronlc part' and' a part d.eserlblng the nucLear notlon"^ -Thls ig called.
the Born-Q¡r¡rerùeimer approxl-matlon and. fortunately lt fs usually a
goocl. approxlmatlon.S ,h. d.lpole operator -à only operates on the
electronic wavefirnctron and. the polarizatlon vector i only operates
on the part lnvolving the ¡nolecular orientatlon - ttre rotatlonal wave-

function' Thus, we may factor the natrrx er-ements to obtatn the fol_
lowlng e4presslon for the rotatlonal Ranan scatterlng cross sectlon:

#,i: w, lr, <l%lrÞ <c,41ilÐl/ltjrp? < /,1\År7c 
l?,7' to+Ìtd'r-f

<' l.rl .Þ <l uj 
I ò </lÀ rl¿) <tj\^. rlp>

to-áø*-t,

The eÌeetronlc and. rotatlonal states are denoted^ by -c and p
respectively, rt is assuned that the inltlal and ftnar electronic
states are tt¡e sarnea The scalar products d.ì have been expressed
in terms of Carteslar components as d^rz\i r

one further approxlmatton ¡nust be nade before the expresslon for
the eross sectlon can be cast in a usef\rl forrn, lle +rill assurne tl¡at
the energy denonf-nators are essenttalS-y lndepenci.ent of the r.otati.orral
state of the mol,ecul-e. Thls is a good. approxlnatron as long as the,re
are no electronlc excitatrons near tt¡e incld.ent fÞegueney so that,

+



Zo-tt >>(õLù'õo" )>>ñgot hold.s for arl intermed.rate states li) .

With thls assunptlon' we nay factor the rotational and electronlc
natrix el-ernents once more!

*_=ry, lþ

rhe sums over p't ttera (/l ¡")rlf ) *,u{/l\^"rlf) 
" 
, slnce

Às* and Àí com:nute, both '¡natrix ,elenents a.,re tt¡e same. Thus3j*

Identtfylng the quantity sumrned, ove¡r

tensor, the cross section assunes the

Ttl as 'bhe polarf.zabl]-lty

follo¡¡lng forrn¡

lz) *o /éiu,l-\1{lat
î,\@
(p'l À".)tlp) l'

s=tr1

l.ølrrxi¡\¡\ f>l' r$r
c

d.ç'

-g

d-CL ,*J,
c

</li'n"1" lr)

this has just the sane form as the classlcal resurt for the scatterlng
cross section' (The factor ü ür3 rathen than Ðr4 ln the quanturo

eross sectlon arises beeause it is d.efined. Ín 'Ler¡rr,s of the number of
scattened' photons per lncldent photon lnstead. of the scattened intenslty
pen unlt lncident lntensity. ) fn the eLassical d.escriptlon, one had
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to average over arl orlentatlons of the ¡nolecule to obt,afn the
obse:nred. lntenslty. Tn the quantun case thl_s averaglng oecurs in
evaluatlng the ¡natrlx eLement of (ì,g.î" ) between the lnlttal
and final rotational states.

the dlagonal forrn of the polarizabillty tensor for a d.iatonlc . ;'.: '

nolecule ¡nust be:

!Íhen the lnternuclear axis of the d.latomlc ¡noleeu1e Is oriented at
angl-es 0 rf with respeet to the space flxed. eoordina.be axes, the
d.lagona1 for¡r for # wlll be transformed to:

#'= (-**)

ñ = R(e,?) # n-l(o,g) = Tå * (.*r- 4. ) n(e,t, (n

r¡træe R(O,F) ls tt¡e nratrlx generating the rotatlon"
eonstrueting R($,f:) Îre nay evaluate d,n;Ìr) for
--s *-s a -\s

),Às = @ and X"\" = 1 . The results are¡

\
o 

, Jn-r{e,Ð

BJr er¡¡llettly

the eases

isr"={î: #::å"".*
where the flrst ease eorresponds to tt¡e V!Ír HV or

geometrles and the seeond case correspond.s to ttre
the eigenfunetlons of a rlgtd diato¡nic rotor

ical harnonics¡

lr')= {{0,9)= lt,t) '

À'Àu

-_¡ J

tr, À"

llH polarizatLon

W geometry.

are just the spher-

=Q

I

=]

'.a:..:; .

J andlhe energy levels for the dtatomic rotor depend. only on not H,



so that all tra¡rsltions J->Jf w111 have the same energ:y difference
and' hence give rlse to scattered. photons uith the same fbequency shlft.
the totaL cross sectlon for scattenrng invorving the transltion J__> ¡,r
w111 ber

(ffi)*, r->r, = f$l (xu-qr)' T "{ 
l€',"'l "ouu "nu "o"Plt,t>-L:

e :(1)
l,l

wlth a slnilar expresslon for the VV geonetry. Since a rnolecule ean
start f-n a-ny one of the ¿J+r degenerate states 

f JrÐ , .Lhe cross
sectlon has been aveaged. over FL llowevetr, a nolee-r¡le starting In a
particular state l trt) can nake a transitlon to any of the staùes

I ¡t rMt) allowed by ttre seleetion nrles, so that the cross sectron
¡nust be summed. over the possibre varues of ¡ru " using the regendre
pol¡rnomlal recursion relatlons we nay evaluate tl¡e ¡natrix elenents" 10,

The seLectlon nrles are!

AJ = Je - J = O t ù_z

AM=H!-M=1:l
The total cross sectlon for the Jè¡+Z transltion is¡

rdnt +.r*z = #l (u,,-x¡z t#r * f+ (rt\z .: vz ìtd.ç¡-/v', J. c. (u'-x;- (zJ+I) 
ËrLO ffi\

. f {.r*z*M)(r+3ru) 1 (.r+z-u){.r+l-ul ]
wlth simllar e4pressions for the other cases. The above expression
nay be realrranged. as¡

(ffi)*, ¡+¡+z = s¡J¡ (o,,-u,¡z + [zrnr)'( z¡+3)zçz¡.5)J

" å[{.r*r)rtrz)(;*: ) - u2(zr*5) - u4 ?lf=-i l
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J
The suns E ¡#

Ì,1=-J

tqgratlon forrnula.

lnay be evaluated using the

tt rn" flnal result for the

Eì¡ler-Mauclarln in-

cross sectlon is¡

J-+J

J'-J-2

f,-->f,+Z

J'+J+2

J+J

J->J-2

=,fr#
=e)u #
=F,#
= 4 ,do-,

3 \dr:-/v*o

=(9u&2*

=4rdftJ ra-cr-,/yg,

all the allored. transltions a,re¡

(¡+r) (¡+21
Tzf+ÐGr+5

.rl.l+r)
Tr-\Jeñ

J-+J+2

4 ,do-.
î (F)vn, 

J->J

J+J-2

tH)*, s+¡+z = ffl (qo-4ù2 iõffi#
the scattenlng cross sections for

(åå*,

(åÐ*,

(åä*,

(åÐ*,

(åÐ*,

(åÐ*,

r¡t¡ere ç = ry5 "od Ê = ff¡r-\ are the mean polarlzabllity and. the

polarlzabllity anlsotropy as prevlously d.eflned..

The energy levels of a rigld rotor are E(;) = ;(.1+f)4rn r¡here

the rotatlonaL constant B is d.eflned as S = ñ/Zl wltt¡ ï belng the
¡noment of lnertla. The energy difference between the inltial and flnal
levels in the transltlon ¡r->¡r+Z ls just E = (ll.f+6) ág . photons

scattered d.urlng the transltlon ¡+¡+z will glve up enerry to the
¡nolecule and be shlfted ln fÞequency by the amount afJ= (4r+6) n .
lhe set of transltlons ¡r>¡i+z generates tt¡e so-called, ,,s_hranctr,,



of the qpectrun. Slnrtlarity the J+J and J+-J-Z transltlonse_e.¡s4 v¡v¡¡ù

lil::'

'stokes" sf-d'e, r¡t¡lle the upward *¡lfted. sld.e of the spectru¡¡ is called
, the "anti-Stskes,' s!.de, : :

'. :

Itre spectrura of lleht scattened. by a gas of diatomlc rotors con-
s1stsofanr¡nberofd.lseret,eIinesw1ttrf!equencysLriftsAtJ=0l

-,
*(tl.l+6) B . the scattæing cross sectlons we have so far calculated. i.,,

',, ' 
tl 

. - 
t 

: :, pert'aln to a slngle ¡nolecule Ln the approprlate tnltlar state. 'At ' ' , i ""

, ' thernaL equtLlblun, tlre probablllty of flndlng a moleeuLe in the 1evel , ,

J1sgf.venþnorma1tzed'd'1strtbutionft¡nct1on¡

-¡t t\ -¡¿r.,,,-ã (z¡*r) e)cp( - F(¡)/tr ) .

J
Thus the intenslty of ttre spectral ll-ne corzespondl-ng to the transitton
J+J+? for a nolecule ln the gas will be3

wlth anaLogous expresslons for the other cross seetronso ïf we su¡n

oven all the transltions for the ore and s-branctres of the qreetnun,
¡re obtaln the followlng resurts for the totar cross sectlonl

ffi)* = Øu#
tåe)*= (þu r* *tr#,

These e4pressions atre preclsely tjre same as tt¡e erasslcal results
prevtously obtalned'. u N"*t, r¡e r11l compare the spectral distrlbr¡tion

; j.-. .:: r.l ..
': 

'':'].' ;j,] i,r,:

,¡->¡+z=#l #ælæ+n(.r)



2g

for the classical and. quantum cãIculatlons.

The obvious difference between tt¡e classlcar and. the quantun

s¡ectra for the rigid rotor is that the classicar spectnrn Ís a con-
tinuous distribution ¡ùri1e the quantum spectnrn conslsts of discrete
llnes, The second rnajor dlfference is that wt¡ile the ctasslcal spec-
trum ls s¡rmnetric about zero frequency shift, the quantum spectrum is
as¡rnrnetrlc, The transltions J+J+Z and. ,¡r+2-+¡: have equal an¿

opposite frequency shifts and. the transltlon rates Ln the tr¡o dlrectlons
are the same (when He count all the states in eactr lever" ) However,
at ther¡na1 equittbrrun tt¡e transltions starting fhon a hrgher enerry
level r+iI1 tend. to have a rower population in theÍr initiat state. (ror
rotational Ranan transitions the degeneracy factor z¿+r for .Èhe revel
cancels with a similar factor in the scattering cross section" ) tror a
given frequency shift 0d, the intensity on the anti_Stokes sid.e of the
spectrun l¡ill tend to be rower than on.the st,okes sld.e by the Boltø¡nann
factor exp('aø/uT ),;" This result holds for any Ranan scattering
¡neehanlsm, not just that involving rotatr-onaI transltfon"o13 slnce the
Bortzmann factor eventually dominates any co¡npeting population factors*

Despfte these differenóes, the classical ealculation cogectly
pred'lcts the envelop_e of the spectnrm obtained. by the quantun calcu_
Iat1on in the linrit of large quantum numbers J and small rotational
constant B . rn this limit, the scattering cross secti-on nay be ap-
proxirnated as:

,do¡.t-.t\dfL/VHr ¡->,¡+2
p2
fo-

wu^3
= (-E:-)

c

--* e)4 É
10

Jz
Jz

,#+l+#ä 
(2¡+1)'{e(-rq+)éE)

exp( - ¡?'f'n 
,

kT

e)ç(- ¡2 l''n 
)

KT

($å)*, r+r r> e)' #



då)*, r--z*(3)a # +.*r -þ)
The g and' s-branct¡ rlnes appear at a f?egueney shlft of
0J= (4¡+6) g e IUB . Snbstltuting g =fi/Zt an¿ t =u/En we have

rdrr - ,l;,rþ\dJL/vH, ¡->¡+Z - Ç/ # # "*,-*#r r(æ-a;n)

'-þrZery(-"Yzt ) 6( u- 4;n)
I(T

Now Èe approxlmate the spectnrn as continous dlstrlbutlon, lntrod.uclng

tl¡e no:malizatlon constant (iå #) to preserve the totar lntensltyv
of the S-branch lines, wtth the result:

(#)*, ¡-*.,*î (#Fõ )*, r-0"*o*,= e)rr # r,l ile{p(-f$l
lhe o and. çbranctres may be treated similarily wrth the final
result:

_2, d(r.,-_ ì\dlLdo/u{

Thls ls just ttre classlcal result for tìtrs d.iatomrc rotor. rhe clas-
slcal mod'el of ugf¡ù scattenlng seens to be adequate ln d.eserlbing ttre
gross features of the spectrun¡ tt¡e total lntensity and the envelope

of the spectral d.istrlbutlon,

Before leavlng the quantum descriptlon of the d.iatomlc rotor, we

must consi-d'en several effect's r¡t¡ich appear w!¡en we consld.er real nol*
ecules¡ the nucleæsùatistlcal welghts, centrifugal distortlon ar¡d,

vlbratlon-rotatlon coupling. The nuclear statistical wei.ghts, gns(J) ,

=(9r # *t)å

- e)u # {+Er,u) 
*åläl å ,.,(-i#&t') J .
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cause the populatlon

dlatomic ¡nolecuLe to

of successive rotatlonal 1evels of a ho¡nonuelear

arternate. uhen the gns(J) "r. ,n"il]
lntenslty of the s-branch lines (per norearre) becomes¡

J

(#)*, 
J-)¡+z = Fr#

The nuelear statistlcal wetghts are discussed 1n Append.ix 2_g. A real
d'latonlc rnolecule is not perfectly rlgld., so that ùhe avenage spaerr:g
of the nuclei wiLl d'epend on both the rotatj-onar and. vibrationar quantum
nunbens' these effects are called,centrlfugar:d.istortion and vibration-
rotatlon couprtng, a.nd they chÍefIy result in shifts in the flequencies
at r¡!"¡lc}¡ the rotational lines occurr Slnce the polarizability of the
molecule arso depend.s on the internuclear separation, these effects
also ctrange the intenslttes of tl¡e rotational lÍnes. The effect of Lm_

perfect rlgtdity of the morecule rnay be treated. as a perturbation an¿
the results are sketched out in Append.ix p_p"

The scattered tleht speetrum d.epends not onl_y on the ¡norecura¡
propertlesu bnrt arso to sone extent on ùhe envÍron¡nent of the nolecures.
The prineipal envÍ-ronmental effect is rlne bnoad.enlng due to colllsions
between the rnolecules. ï¡hen collisions becorne so fbequent that the ¡rol-
eeule no ]'onger behaves as a fþee rotor, then the descriptlon in terri¡s
of flee rotor wave functlons /trù is no longer a ,'faithful,, repre_
sentation' The ¡nolecules reorrent, not by an unhlnd.ered rotatlon, but
by a serles of large or s¡nall steps wt¡ose directlon nay also ctrange rlth
every stqr" ?he dlserete llne characteri.stie of the free rotor first
broad'en, then eoalesce, and finally even the enverope of the band. be_
comes dlstorted.. At pressures low enough to preserve tt¡e appearance

é#+il#â s (2¡+1) sns(r) e¡p(-s(¡)Ár)

(2¡+r) sns(J) exp(-n(¡)Zîr)
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of dlscrete lines, the pressure broa.denlng coefficient is about

5 x IO-Zc*-V"tr in slmple non-po1ar gases suct¡ as N2 or O2r whlle
for polar gases it is about r cr-|"tro an. nore strongry J de-
pendent. As a rough estlmate we may eonsr-d.er that the norecules no
longer e¡rúrlbit free rotor belraviour r¡hen the tlne between colllsl-ons
becomes st¡orüer than the perlod of rotatlon. At a d.ensity of t rnolef
liter (about l+0 atmospheres) the time between corllslons is approximately
J psec. r,et us see hor¡ this conpares wlth the perlod. of rotation for
varlous rnolecules.

The enengy of tÌ¡e quantum rnechanlcaL rotor is n(;)=.i(.f+1) õg =
"r('l+r) nfi rù¡ere Balzy and ï=r,^.nz ,14 comparlng this wlth the
cl-assical e:çpression, E'= åï u)Zr r. ftnd that u= (tr/r) , the peak
lntensity of the rotatronal band occurs at approxlmatery the value
Jr.* = çfþå- å (at roon temperat'r e, 7=z2og, the value of
kT/he =

rotors

zo5 enr:l .) th. characterrstlc rotational perrods for several
at ro.o¡n temperatur€ â.Tê¡

H2

N2

cH¿,

rotor

CFI+

dlners
"'' cFtl

2,00

5.25

0.186

0.0116

Jr*

I

7

l*

23

94

T (psec) êt Jr"*

-

q"2B

I,lg

o"7g

3,85

15" 11

0n1y the lightest molecules may be adequately descrÍbed as fbee rotors
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for the densltles, ln the range of 0.J _- S,O rnolerâtten, at whlctr

óur colllslon-indueed scattering e>çerlments are eonducted, This
nust be borne in nind when consld.ening the bound,dlmer qrectrun of
chapter 2 and the coLllsion-ind.uced rotatlonal spectrum of chapter Il,
slnce the flee rotor model has been assuned ln the caleulations. I{e

¡nust also keep ln nlnd the llnltattons of tt¡e fbee rotor ¡nod.el tn
chapten J, since the experirnent uses the s(1) rotatlonar line of H,
as an lnternal standard. ln deterrninlng the intensity of the speeùr-un

belng obseurved.¡ fortunately He behaves as a flee rotor even at the
highesü d,ensitles that ¡¡e w111 consid.er. The experiment arso uses

the eomputed rotatlonal spectra of o, and. Na r{tth the lines suitabl-y
broadened, to subraet out the contributlon of these Ímpurities to 

l

the observed 
.spectrun¡ 

fortunately the intensity of the 02 and N2

rotatlonal spectrun beco¡nes relatively weaken cornpared wlth the over-
all speetrunr at the sane time as the deviatlons flom fÞee rotor be-

havlor becorne large at hlgher d.ensltles

the flnal task to be perfornred in thls chapter is to work out

the rotational Rarnan spectra for tåe moleeules H2t N2 and O, . ïle

start wtth H2 . Taking lnto account vlbration-rotatlon coupring and

centrifirgar d.istortlon, the rotational enerry Levers for the H2 nore

ecule are¡

# = r(J+l) ñ - .ra ("r+r¡2 4
where ã'o= 59,J2 cn-I and. T^ = 4, ? x :Io-2 cm-l . The nor¡nalizede

dlstribut'lon function n(J) for the population of .bbe rotatlonal
levels lst



(?.r+r) s,,=(J) exp(-u(¡)/c)n(¡) =

rù¡eoce errr(.f )

The lntenslty

19- r\dn-/u{

ç 
(z;+r) e,r"(.r)

=f' J=even
L3 J=odd.

of the S-branclr

exp(-n(¡)/tr)

a

ones is¡

#+il#b n(r)
s(.1)

Usins the values Prr= 0,314'i3riJ=*#= Z¡tt9Z crn-l = 2.gttfZx fO-4 å-1
. .. .. . I i_ ..r: t ,,.. .. t,

p*r= 1 molefilter = 6,02 x ro-4 å-3 "r,a r = lzoc (#= zo1'.,L *-a ) ,

'.'.l¡e nay calculate tt¡e S-branct¡ of the spectrun, fhe faetor

[e"ru 
P*," t lhas 

trre varue r"63 x lo-u;-; ;;t =

1"63 xtg-? r-l "Jo"u-t " Ihe relatLve lntenslty of the S-branch

llnes ls deter:nlned by the d.lmenslonless factor¡ . ,

?

lffi'#]tr'J; "(')].
The cross sectlon is just the product of tt¡ese two factors. Table z-1
contains the resr¡lts for Hr. The bnightest llne of the H, rotational
spectnnr by a I'arge nargln ts tt¡e S(1) line¡ it is for thls reason that
the s(1) line ls used. as an intensity stand.ard,. (the g-banctr under

but slnce lt occurs at zero

tensity standard." )

In terms of the HZ S(I)

lntensltles for N, and. 02 in

frequency shlft it is not useft¡I as an ln-

llne lntenslty, $e nay exllreas the spectral

dinenslonless forn:



The RotatlonaL Spectn¡m of_Ha

J n(,r)

0

1

2

3

4

Ê.

6

measured
n(J)

0.1305

0.6585

0,1L50

0.085]

c. 0036

0.007J

0, 0000ca

0,J'293 t 0,6%

0,6628 i O"ttoñ

0.1146 i l"Vo

0.0799 t L.3y',

o.0o3o t g %

(.tf,l,)(;+?)
(2j+1\ (2"1+3 I

TABLE 2 - T

z/z

z/s

tz/ts

zo/63

to/ll
t+z/tta

P (*r-1)

0

Llg" 45

345"23

705"97

tr67,60

1737 "30

¿Ú;rr. ( "*l1l

:l:.:

354.23

586.62

813,3&

l032,23

:r24o,g3

tt+37.23

" (¡+l)("t+2)

S)'raffi*-t' "t¡)

0.082566

0,?l+].I+2I

0,0349t7

0,023:.36

0,000904

0.00u24

\¡)\^
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Ïs(.1) ,[,Js .?

tr,õ= (-õri^-s7T\)- #iif##à'r.,r , pz ,
(z/5) (0.662) t plr'

* ^-, = (&iãi¡3 Ç12-r!ffi"r'l
s(1) H, s(1) T (2i:TrTzrB)tt\¿ )

'Ê"çfu

P
Pn,

ru

For Nz the value or n(.1) (aL yàZoc) is:

,r(.1) =
t55,r05r

wrrerè *".{r)= [1 j=;iå" .

Si¡ni1arily for 02 the value of n("f) is:

n(.r) = (2"r+1) er.("ï) eïp( -¡(¡+.t1/U+z)e7 ¡

where *r,"{r)= [ I j=:I;" 
.

(z/5) (0.662)

@ffi n(.r) tor N, and

2

The values ofthe,, swrsä
J 9Z ** 0.2012 and

. The rotational

where ão rraa

The rotattonal

2-2,'L5

O,2992 respectlvely rùri1e F%=0. 6g i,3 and p0,.-1 .Og "A3

llnes occur at f?equency shifts given tyâÁ=(4t+6) i"
the value I.ggOZ 

"r-f fo" N, and L,t+31?g 
"r-I fo, Or.

spectra computed for H2rN2 and. 02 presented- in trigure
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TIGT]RE 2 - 2

Rotational Spectra of H2, )i2 and OZ.

The intensity scales are in units of the lntensity of the H2

S(1) rotational line, r¡here all the gases are hetd at the same tem-

penature (22oC) and density. The frequency scale gives the d.own-

ward shift in the frequency of the scattered. photon (Stokes side of
the spectrurn) in units of cm-r. Unless otherl.¡ise no'bed, spec'Lral
intensities will be given 1n units of the in'censity of the HZ S(1)

rotaLional Ra¡nan Line in H2 Bas aN 22o C and at unit (1 mofe/liter)
density. The origin of the frequency scale (0 cnr-l sfrift) will be

at 204)2 
"*-1 ltfr" incid,ent photon wavelengtfr is 4BBO fi. )

a) The bnightest line (i+hich is usable for intensity calibration
pr:rposes) of the H, rotation spectnxn is the g(1) line at a fle-
quency shift oî 58? crÌ ', The effect of the Boltzmann factor is
very marked; the first line on the anti-Stokes side of the spectrum,

O(2), has intensity about, 10 times smaller than the corresponding

transition, S(0), on the Stokes side.

b) The lines of the N2 rotational spectrum altennate in intensity
because of the nuclear statistical r,reigþts, fhe peak of the spec-

trun occurs at 60 cm-I 
"nd. 

the tail of the spectrun will- be obser-

vable to 200 cil-I.

c) E\rery second line of the O2 rotational speetrun is missing be-

cause of 'bhe nuclear statistical welght factor. The peak of the
spectrun occr.lrs at 60 

"m-1 
a¡rd. the tail of the spectrum will be ob-

servable to 200 cfl-Io
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, APPENDTX 2.¡

¡tuclear Süatistleal weÅghts16

For a homonuclear dlatonrlc nolecule the wavefunction nust be

s¡nmnretric or antis¡rmmetrlc und.er exchange of the spatial and. spi-n gs-

ord.inates of the two identical nucLei accord.ing to rùether they are

bosons or fermions (integrar or half-integral spin.) I{e nay approxi*

nate the total wavefunction of the diatomic molecule by 
%ra= f ,l^"=

f.r%r*9*tfrr"th.=" the factors are the electronic, vibrational,

rotational and nuclear spin functions respectively, und.er exchange

of the nucrear spatia[ coordlnat"", V"ot"nu tr#""e eigenvarues (-1)J

and(+l) respectively, r,rtrere 
"T 

is the rotational angular momentum quantum

nurnber. For the electronic states of a diatomic nolecule the eågen-

values for exchange of the space fixed nuclear coorùinates are!

+r. ror Z,; , E; , ï; , n; , o..

_1 ror X;, :ï, TT;, ï1,,..
lùere the s¡rmbol" X , Tf , ,,.represent electronic orbÍta1 angular

monentum of orlr ,.' nrit, the subscript g (or u) specifies that the

electronic wavefunctlon is s¡rmnretric (or antis¡rrnmetric) under inven-

sion of the ¡nolecule fixed coordinates, and. the superscript + (or - )

specifies that the electronic wavefunction Ís of even (or odd) parity

under inverslon of the space fixed. coordinates of all partlcles in the

molecu1e.
tt:':i l.lri
"::'ìr:!.!i
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r-et us denote a wavefrrnctl0n s¡nnrnetrlc (or antlsynmetrlc)
under exchange of the nuclel , þt (o" þ" ,) ïf the nuclei are
bosons (ï = nucLeatr ,,qrln,,= l-ntegral) ttren only states 

fïr, = l*",1;"
t" rf"pi" are allowed¡ sinilarily if the nuclel are ferrnlons ( t =

harf inregrat ) rhen onLy srares *irr, = /.ú;" * ,1," fi" &s6

aIlowed, lhe states f" are those for n?¡ict¡!

J=even and ,!.,

J=od.d. and 
þ,

: çlf ¡-'1 -
Itg'l*u, "'

= t-r- ¡*Lg' Lu'"o
¡.rt¡Ile the state" ly't" are those for l*¡icl¡¡

J=odd. and þ.t= Xå , :; , éc.

J=eve¡ and 
t'"t = E; ' El , '.. o

The numben of degenerate states t/n" ,tri"f, are syinmetrj-c or anti_
s¡nnmetric under exchange of the nuclear spln coord.inates is (r+r)( zy+r)
or f(zf+f) respectively, whene I is the total angular nomen*urn

quantum number of the nuereus (nuclear ,,spln,,) nt¡ich results fbom add.ing
the orbltal and spln angular monenta of the nucleions, Slnce s and a
rotattonal Level-s alternate, the nuclear stattstlcal degnenacy or wetght
gns(J) and henee the populatlon of the levels will altennate with the
ratlo l/(t+t) . the nuclear statlsttcal weights for the three nolecules
of immediate intenest to us a¡re given below,
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. ...-t a

rnolee,ulê

__1
H2

nrt4

^16vo
L

s¡rrunetry of
J=even J=odd

-;.--

sns (.T)
J=even J=oddI

å
2

dtet

1y*
L¿co

'¡Ë
)
x;

as

a

2(3) rO)

(th" left supenscript

OZ !'htch have unpalred

a trlplet.)

of t t-,; refens to tlre palr

splns, rù¡ich ¡nalces the ground

of electrons ln

electronlc state
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..:

The ¡ton-Rrggl ¡lato¡nlc notorl6

The Schroedlnger equation in the center of mass frame for a ro-

tatlng dlatomic nolecule is:
-2

l-#v2*u(R)] f*=rtln
nL¡ere ¡rls the reduced. ¡nass of the nuclel, R is their separation and.

f* t" the wavefunctlon for the relattve ¡notlon of the nuclei., (ûre

Born-gppsnheimer approxination has alread.y been applied to separate

the total wavefunction into faetors d-escrlbing the electronic ¡notion

and. the nuclear rnotÍon.) rt the wavefunction i-s assumed to have the

rorm: ,!* = n c(R) rlrq,r*l
the the Schroedinger equation beeomes¡

l{e proceed by Taylor expanding the potentlar energy function g(n)

about the equilibrlum separatiotr R*.

u(n) = u(n") + | u"(n") q2 * å u,,,(nu) a3 * ooo

where q=çn-nu) and. ut(R)=o at R-R*, Making the change of varlable

S(q)= G(n) an¿ substitutlng the expansion for U(n) we have
-2
ç^ s"(q) + t#ËSz + u(Be) *f u,,çn") oz

+f u"'(nu) n3 *å ut"(n*) e4 * ou,, - u I s(q) = * .

Keeplng only the lowest order te¡:ns ¡re have: 
J '"

2

-ä s"(q) * (å*" nt - rl ) s(q) * o
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¡¡?¡e:re , ,rr = n - u(n") IIJI]É an¿ k. - u,,(R") .

Solving this equatlon one obtains the following wavefunctlons

and. energles (for nucrear rnotlon of the diatomic noì.ecule)r

É*=+ {to*,?*)

E = u(Re) + (r,+å) á U. + .r(,r+r) * Be

whene srr(a.) is the v-th har¡nonj-c oscillator wavefunction and L"band Be

are the equilibriu¡r vibnational and rotational constants, respectively,
kr

Thus kls =tf,li and u"=*r" where ï.=4R.2 is the equtlibriun no-

¡nent of i.nertia.

tr'Ie nay now lnclude the prevlously neglected terms as perturbations

in order to calculate comectíons to the energies of the rotational

and vlbrational states, The perturbation ist

f=.q+bd*"q3*dqþ

'l rrl

"=åu (R")

The improved expression for the energy

(using the unperür.ubed wavefunetlons):

where

d=åuftnu)

of the diato¡nic

.a

molecule is

66 une¡va-r.6

@F æamgøs*

¡qhere the new constants arei
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The constants oex", % and D, are caDed the ar¡t¡arnonrclty eon-

stant, the vlbratlon-rotatlon couprrng constant and the,centrlfugal_
distortion constant respectively. To this approxlmatlon, we may ex_

press ttre rotational energf as¡

u(.r) = .r(.1+r) ã (B.- og(v+å)) - ,121.r*r¡2,rn"

= .r(;+r) åBu - .r21.r*t¡2 tou

The spectroscopíc constants for Hrr N2 and 02 a¡;e glven in Table Z_2,

The constants are glven ln units or (cn-l) ratheur than (rad/sec) and
thls expressed by ttre tilde above tl¡e synbol. The eonverslon faetor
ls ar(raa/sec) = Z¡c ñ1"r-1¡ .

The lnpæfect rigid,ity of the nor.ecule r¡il.r also penturb ttre
radial nuelear wavefunction. since the porarizability of the nol-ecu'e
d.epends on the internuclear separation, the polariøabillty will depend

on the vlbratlonal and rotational state of the molecu1e. The polar_
tzabillty w1L1 depend on the vlbrationar and. rotatlonal state of the
norecule. The porarlzablltty of the H, molecule and the ¡natrix

i:.:..r: r:: t
r...r.. .1 ,.: ;:,i tl
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elements for transltlons between various states have been car-
culated by Kolos and l{or-nr uri.u.r? rhefu results sl¡ow that the
polarizability anlsotropy p increases by about I percent for eacl¡

successlve rotational line in the pure rotation spectrum of H, .

(ûeir calculated varue of f for the s(1) tffinsftion is 0,J0,u Í3,
r*¡tle the experlmental varue ls 0,314 Ã) ) For morecures heavrer
than H2 centriftrgal dlstortlon will be negllglbly snall and. lt strould

be a good approxination to use the sane value of the polarizability
anisotropy for all rotatlonar transttlons of a glven nolecule.

;aJ
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1,

:'12,

3.

D. Jackson, Claslical Electrodynan_icsç lÍiley, New yorkrlg?J
K. Pathria, Statistical Mechanics¡ pergamon, 0xford., J:9?Z

He may also note at tåis point that the factor (%/")a
will usually be treated as if it wene a constant. This is
permissible because the relative ryread of scattered. llgþt
flequencl"" Ës is usually very snalr conpared, to the averade
value of {rrs for the entlre spectrum, Hhether a parbicular
value og tds or the average value o, újs, is lntended. in a
glven expression st¡ouId. be clear fro¡n context" The avenage

value of {rls wi*- usuaÌly be equar to the incident frequency,
which is just denoted as â!.

Tn faet the Rayleigh component has a fini.be fbequency spread

rù1ch arlses because of the phase moduration due to transla-
tional notion, as ¡nentloned. in Chapter 1" The time depend.encen

of the phase modurated signal is given by 'the co:reratr_on

runction: n( a^t,rc) = ("* L-G".Èl " (r(z)-r(o) )] > ,

The frequency spïead of the Rayleigh signal is severai orders
of nagnitude less than the spectral width of the other spectral
featr¡res Hhict¡ we wi1l consid.er, F.or an extensive treatment
of the Rayleigh spectrum, see!

B. J. Berne, R, pecora, Ðynamic l¿gh! Seatterj_ng, !Il}ey, New

Tork, 1976 ,

The next few pages will foIlow tjre discussion in Chapter 13 of¡
c. Ba¡rm, , Benjami_rrn Lond_onu lg?j
See, for example, Chapter g of:
D, A. Long, Raman Spectroscopyr Mdtraw_l{i11, New y6¡¡, :)?T

J.

Rr

I+.

5.

6,
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7,

8.

The derivatlon of the rotationar Raman cross section follows
N' J' Sridge, A. D. Buckinghan, proc. Roy. soc, A2g5, 331r, Fg6B) .
See Chapter 1l ln¡

f . N. levi-ne,

Molecular Electronic_struetru'e¡ Al1yn and. Bacon, Boston, ],g?O .
9, Molecules such as Br2 and Noa , for exanple, do not satisfy

this condition for photons i-n the red end of the visible
spectr'm slnce they have electronic excitatrons at these
energf-es - they r¡i1l e:ùrlbit resonance Raman scattering.

10' G' ArfT<enr l4athematical Me@u Acadenric

Fess, New ye3¡, 1970

11. See page ZB4 of Arfken .

12, Ïle have,:used the approximation Oo=d" , where äo is
lncident llght frequency. ïf this approximation is not
the terrns tn þ'

!3, The ratio. of the

and J ->¡+2 ls:

,d0-.
\¿r¡J* vH, ¡+2èJ

the

used,

r4,rr*d%r, 
¡i->¡i+2

{rqr_iit

The transit,ion rates

have r.¡-ritten for the

factor 2¡+I of the

ulation factor n(J)

been written in te¡rns

= ( t+-4t) *xp( -+tm!xr) .

do not look equal in tl¡e expressions we

cross secti_ons because the degeneracy

level has been incorporated in the pop-

and the expression for .ühe O-branch has

of the transitlon J -->J-Z rather than

will be rnultiplied by the facto:c (f-t8d+",. ) ,

cross sections for the transitlons J+Z_,=,

= cäiÞr' exp( -

6u"l



¡+2--+"¡ , The.equallty of the rates Fo*r, = [*o for
transitions between two statesr_ o and n , of a system

ls generally true for radiative transitions.
14, The rotational constants B(rad/see) and ãç"r-1¡ differ

ln their units. For theoretical calculations B is nore

convenient, n?riIe for experinental purposes it is eonvenient

to red.uce nost quantities to units of 
"*-1 . Quantities erc-

pressed. in r+avenu¡nb"r 1"*-1¡ units wirl be dlstinguisÈred þ
a tiÌde, as in ã,

15. The values of p are the experimental values from¡

N. J. Bridge, A, I). Buckinghamr proc. Roy. Soc. A295r 31lU lZ968)
The values of ã. are fbon Chapter 3 of:

ï. N. Levlne, um Che¡ris Vol ¡1¡ Molecular ectrose

Al1yn and Bacon, Boston, lg?O ,

]-,6. r, N. Levine,

Allyn and Bacon, Boston, I9?O , Chapter l
G. lL King, Sl¡e-ctroscopy and Molecular Structure, Holt, Ri_nehart

and. I,linston, New Tork, l?64 , Chapter J
17, ÏI. Kolos, L, ÌIolniewi-cz, J. Chem. Ihys, M, ILþ26 (l.i96?)

18, The ex¡rerimental value is fronr

N. J, Bridge, A. Dn Buckinghan, hoc. Roy. Soc,. AZp5-, 33t+ (196g)

turn Chenistry VoI II: Mofecular
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cHAFTER 3

fi{E CorrrqfoN -rNpucm sPEgTRgM

Vler¡ed. from the.center of mass fbarne of referenqe, a pair of
colllding atons l¡i1l look just like a rotating diatornic molecule wlth

a tine-varying internuclear separation, Thls simllarity wllL enable

us to for¡nulate the theory of binary collision-lnduced seatterlng as

an extenslon of the classical theory of the d.iatornlc rotor, For the

rlgid diatonie rotor, the tlme dependence of q((t) was due only to

the charrge in the orrentatlon of the ¡norecule d.uring rotatÍ_on, rn

the case of crs by a patr of atoms or uoleculesn the time depend.ence

of *,(t) wlll have a component due to üre dependence of of on the in-

termolecular separatlon in addltlon

ence of # on the orientation of the

prevlous chapter, the first step ln

determine the forn of g;(r) .

to the eomponent due to the depend_

inte:motreeular axis, As in trhe

conputing the spectrum will be to

3,1 thg_pair potariz?billtJ

The polarlzabillty tensor of an isolated closed she1l at,o¡ir is

completely isotropic and ls completely specified by the scalar polar_

izabiltty do. The polarizabirity of a wldely separated palr of these
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atoms has the varue zúo,L However¡ rûren the separation of the two

l-s ¡nade s¡nall enough, the field of the d.ipole noment ind.uced. on one of
the atoms by an externally applied erectrlc fíeld will change the varue

of the local fieId. seen by the other ato¡n. The interactlon between

the induced. dipoles on the atomscauses ttre polarizabirity of the pair
to d'tffer florn tÌ¡e sun of the lsolated atorr po'arizabilitles"z Fto¡n

symmetry consld'erations we knor¡ that the pair polarlzablllty t:ensor can

be speelfied' comp]-etely in terns of the values {,, and d¡ n Thus we

w111 proceed by carculatrng the varues of the pair porarlzabillty for
atomlc pairs orlented parallel to and. perpendicuLar to the applled fieId.

rhe components'of the erectric field due to a dipole ¡noment ä
located at tåe orlgin and oriented.along the z-axlso nhen the observatíon

'polnt lies 
'n 

the x¡z plane at a d.istance r fr-om the orrgín, are¡

(3"o"20-1)

(3 sinO cosê )

u?¡ere 6 is ttre angle neasured. fron the z_axi.s. The d.lpole no¡nent

ls produced by a unlform external field polablalng- an ato¡n slttlng
at the origln¡

i. ¡i Ì;;

.,.'..

Eu =å
î'

Er -d'"x 
r:3

ã'= c(o E^ ? o-o

Tf the second ato¡n is placed at the observation polnt ("r0) , it wil1



see a local fler-d 
'¡hlct¡ is the sum of the extennalry applied fteld

and the dipole field of the flrst ato¡n, We will choose the two

values ô = 0 (for cx ) and Ð - -iT/z (for o{.¡) as the dtrectlon of
I

the second atom wlth respect to the first, and then use a pert'rbation

Lte¡catlon to calculate the totar induced. d.ipole in each of the tr¡o
cases.

, For é = 0 the calcuratlon of the dlpore on the second. atom

proceed.s as follor¡sl

d(1)=% Eo rtt) =# ( 3 "o"a1o) 
_ I ) =?3_Eo

d(2) = xo EÍl) =5 Eo ,t') =$ , z ) =g ,"

d(3) = %rt')= ut' E^ ulrl -d3 ( 2 \* a.r3
;- 

"o oz --;\4) =i to
T.

d(4)=%rt..)=SEo ....
Tt

+ = u.t%t+-u%,.,j5u&o't;]+-=6_.;t+eco

Addlng the contributlons of both atons we obtarnr



I

uq^z go¿3 r6okdrt= 2d, .É . 
,i.;i* r.r

fn a sl¡nll_ar fashlon, the ealeulatlon for 0 = IT/Z is ¡ :-.

d(1) = % Eo rÍ') =*, 3.o"2çv/z) - r ) : - ùt, s^T- 
-- 

-o
r)

I ,l

: : .: :

d(2) =oo rÍt) ={ *" ,t)=# (, *i.) =. 
. #o , '

ete.

the result for the pair polarizability is:

Having obtained- the values of xr¡ and o[r we may r*ite d.own the 
,,,,,,,,,,,,,,,,

isotroplc and anlsotroplc parts of the pair porarÍzablJ-lty tensorg
,:,::,::.:',: :

:

ã(")= %'+2!t= 2d + o * u%3 ! u%u

? o v t 

-- 

+ 
--E- * .n"r r r' 

''' ''
; .',.::: . :,:. : :::._:

p(r)= dr,-xr = o + g.. -6{ r" iu%: ¿.

F* 
- 

'1" *;9_ +'n"c



To lowest ord.er, the pair polarlzabillty tensor has the d.iagonal for¡ng

4l'-1 \ .

r:3 
\ ,.)

S(") = 2% nL +

the leading êontribr¡tlon .of the DipoLe-rnduced. Dipole (oro) nodel, as

far as crs ls concerned, cones from the totall"y airisotropl-c tensor p(r) o

I're will hencefortÌ¡ ionfine our diseussion of the palr polarlzabtllty

to conslderatlon of the polarlzabllity anisotropt p(ù. The CIS

spectnm due to X(r) (w?rere ot(r) = E(r)-Zo!) is muct¡ weaker than that

due to l(") 1,,3"a slnce the speetn¡¡o due to a(r) is porarlzed., it is not

observed. ln our e4perinents" The expresslons for polarlzed CfS due to

c((r) wiLl be.ãnalogous to those lnvolving p(r) ,..

the point DrD ¡nodel yleld.s a good flrst approxlmatlon to gre ato¡nlc

palr polarlzablllty but lts results are ¡nod.ified- by serveral effectsu

These modiflcatlons arÍse f:ion the effeet ofa

1) electron overlap,

2) electron density fluctuatlons, and.

3) the non-uniformity of the local flelds.

îre effect of overlap of the electron clouds about the t¡ro col-

lid'Ing atoms, for snraIl overlaps, rs to reduee the polarízabrlity of

the palr below the DID va1ue, For snall overlaps, the el_ectronic states

of the colrtding atoms will be essentrarly unehanged. but the volume

3,L,2. 9!h"= Contribrrtions to the palr polarlzabili
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occupied þ the electrons nll1 be s1lghtly reduced.. Ìlhen the elec_

trons are tnore tightry eonflned they move ress in response to an

applied' fierd and hence the polarizabillty is reduced. The nove¡nent

of the erectrons away fron the regron of overlap arso tend.s to red.uce. 
,

the anisotropy of the diato¡n, For collisj_ons wlth very large overlap,

the porarlzabillty will not necessari.ly be reduced - for exam¡rle, when

two He . 
.,atorns 

are nade to overlap conpletely the electronle conflgur-

atlon changes to that of a Be atom an. the potarlzability rs rnuc'¡

greater than that of the separated atons. Electron overlap ls also

reqronsÍ'ble for the repulsf-ve parb of the lnteratornic potentlal, so it
is e4pected' that the depend.ence on lntenatonlc separation of t6e electron

overl'ap polarizabillty red.uctlon will have the sa¡ne form as the repul-

sive part of the interatonic potentlal,

the term ln the atonlc palr polarlzablltty due to electron ¿enslty

fluctuations ls analogous to the ïpndon d.ispersion term r¡hictr accounts

for the attractive part of the Lnterato¡nlc potentlal. The quantun

mechanical result for the flrst order DrD contrlbution is trre same as

the cLassical result, but tr¡e second. and hlgher order DrD terms w1r.l

be affected'. The Iondon dlsperslon te::rr arlses because the electrons

are not statie withln the aton¡ at any glven moment the electron d.en-

sity d'istritnrtlon withrn the aton rnay d.iffer from its trme-averaged

value' with the result that the net dlpole noment of the ato¡n fluctuates

rapidly about zero. The tnstantaneous d.ipole ¡noment on the ato¡n tends
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to lnduce a pararlel drpole ¡nonent ln any nelgþbouring atoms.. Two

paralÌel dlpoles ar.ways attract and. the tlne averageci effect of the

co:rerated' fluctuations 1s a net attractlon between the charge d.is-

trlbutlons. Ihe comection to the second order DIÐ result, arlses in
a si¡nllar fashion' The fructuating drpole on one atom gives rise, at
the site of lts neighbouring aton, to a fluctuattng field with ¡nean

value zeno n'?rich is superrmposed on the more slowly var¡rlng conpon-

ents of the local field. Because of the non-rinear terrns in the atomic

polarizability (the so-carled,'h¡çerpolarizabilitles,,), the avera€e

value of the polarlzation due to the fluctuating field. prus the local

f1e1d.1sgreaterthanitwou1d'be1ntheabsenceoft,hef1uctuating

fleld'' lhe ato¡¡ be&¡aves as lf its polarÍzabillty has been increased

by the p""""n.ê'of i-ts neighbour. Slnee tt¡e fluctuating d1pole field-

fal1s off as ,-3 , the polarizability enhancement also falls off as

-?t ' ' t'lhen the polarlzability enhancenent i-s tncluded in the DrD cal-

culation, the flrst te:m of p(r) rnrcrr is changed is the t,erm in 
"-6 "

lhe lowest order term introduced into d(r) by the eleetron d.ensity

fluetuations is a "non-c1assica1,, term in "-4, no*èrassicar ternrs in
-8 -10r r r --r ror are also introduced into the expression for p(*) ,4

So far we have treated tåe atom as lf it were a point polartzability,

The polnt DrÐ nod.el takes the fteld at the atomic center as belng rep_

resentative of the fleld seen by the atom and uses the uniform fierd,

polarizability to compute the induced. dipole" This approach gives the

;.ir.-
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correct dsynptotrc forrn of BG), However, when the interatomlc sep_ :I

aration is snall, the fleld due to the d.ipole lnduced. on one atom of
the pair ¡+ir1 be highly non-unlfor¡n over the voru¡ne of the other aton

of the palr. rn thls case, the frer.d. at the atomic center is not even

there ' i'

1s no reason to expect that the uniform flerd polarizabilÍty will cor_

rectly relate the applied' non-unlfor¡n field. to the ind.uced. d.ipole ,or"rt.5 :.,,,,,,

3.1,3 Contrlbutlons to the pair polar.iøabllit of lîolecules

Arr that has been sald. for ato¡ns also applies in the case of
rnolecules except that tjre situation is worse beeause moleeules are

usually larger and rnore cornpì.ex than ato¡ns. Since molecules lack the

spherlcal s¡rnrnetry of atorns, by vlrtue of contalning lnore than one

nucleus, there are additl0nal lnternal degrees of fÞeedom" He w111

consld'er two contrtbutions to the patr polarizability Þ¡hich arlse for
nolecules¡

f) fbarne d.istort,ion, and

- 2) hlgher order moleeular polarizabilitles,

The second' contrlbution w111 give rlse to collision-induced rotationaL

transitlons and we wilr discuss it in the next chapte:"

The fÞame distort,ion contrrbutlon to the molecurar pair polar_

zabillty may be estinated. by using vibrationar fbequencies to d.eter_

mlne the bond stlffness, and the bond lncremental porarizabiritles

;:: lr : ::
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i..,.,
d'erived from intensity neasurenents of vlbnatlonal 1ines to determine

the polarizabllity changes due to bond. cornpression d.uring a collision,

For an ínter¡rolecular potential of the lennard._Jones 6_12 form,

the inter¡nolecular force is¡

F(r) = - u#") = +( -nx-r3 * 6*-? )
where x = r/a . The bond compression force is

l"Jar) = k, ar ,

Neglecting lnertial eifects:

rrr( ar) = -r(r) and Ár = # G{r3 - *-7) .
S

The flane d'istorbional polarizability change, counting both nolecules,

is just:

Ád.¡ = ,(#) (åT ) G*-v - *-?)

whlIe the DfD polarizability change is¡

A dnrn = f*l *-t .
ft

The fÞa¡ne distortion and DTD contributions to the pair polarizability 1,..

..t -

a,,e conpared' in Table J-1. The peak value of the flame distortlon

contri-buti-on is only about 1 pencent of the peak DrD contribution (at

tt¡e turning point for thermaL colÌisions. ) tire contribution to the total 
r,.,,1
l": ":scattered. lieht, denoted. bv lP) the zeroth qrectrar rnoment, is onLy

0.1 percent of the DfD val-ue. lla¡ne d.istortion provides a negligbÌe

co:rection to the DrD result for the ¡nolecular pair polarizability,



Frame Dlstortlon Contrlbutlon to the palr polarlzablli

tot""*:

cH¿,

L,J, 6-Lz parameters
e/v (ox) o.(Å)

CFþ

cc14

r49.2

t5?,5

282

?00,9SF"
o

noLecuÌe
---:
cH4

cF4

cc14

st'',o

3.æ

4,70

6,L

5,5t

TABTE 3 - I%

4d3)

2.633 (at StþSit)

2,85 (at 6328it)

10.6 (at 5s9oå)

t+.4?o (at gz\l)

rffÞcn'r

---
2,65 x tg-3

L.16 x l0-3

?,55 x to-?

2.2I x t}-j

resuLts for the ,'breatl¡lngr vlbrationaL ro¿"(*)
c^, (*-1) ks(mdyne/Å)fb) 

-#l¡Âäi ----

29].[

908

459

775

a o<ro{Â3) / au,.o(Â3) 
(")

l,2L x to'Z /-o,a?

0"5?xto-?¡0.55

3,ftxro-? /).1i6

1"0gxto'a¡0,g4

5,043

9,228

þ,401

6,n3

1.04

1. oo

2,r7

r.23

i:::. .

ø(o) G\ / ó(o) ,re, 
(u)

.' FD r ¡¡¡\8 /

0.55 / D5

0,28 / il*

25,58 / :.:sat

L.33 / 540



(") fÞon Murphy, Horzerr Bernstern, Appl.- spect, nr àr! 
,(lræ.¡r,.

(b) The t¡'plcal "stiffness" of the lnte¡molecuLar potentlal at the turnlng polnt for thermal
colllsions between these rnolecules ls O,L m¿yne/Á; 1 ndyne/Ã = I00 tit/n .

(") oç,o = a(#1 #l ( z x-Ð - {? ), oo5ro = r#, {3,, x o r/r
(d) øQ) = ulr I*î "' *,", pz tù g ,rrr 

{o* a*,,4 e(*) ; lr#f o,
tLv

* 4 16 ú\ Pt+e do\;g/ lim,æ1 ( z {t6 - * -to I I
J

The lntegrals were evaluated. for ñ = O,r,

& 4ç5-# (0.50)
IJ

+ 41r (t+)(6d,,ft þ(o.ro) = ø;iÌ + /(o)

:.:|.

::: :i

\'rT
æ
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The conelation function whictr descrlbes llght scattering by pairs
of atoms or ¡nolecules is a slmpÌe exüension of the result obtained. for
the diatomic rotor¡

c(t) = fslu( ( i".#(o).i')( ì", X(r).Ì I )
( ï""i ¡2 ( xtol A(r) ),þ,u

,þu+ ( r * jr T"'Ì f I qprÐ p$) pa( î(').i(r) ))

r*rere o(t) = &ç "1r¡ I , p(t) = Ã "(t) ) and i(t) is the

unlt veetor along the intermolecular axis at tine t u The rnolecular

dynamlcs of the collision enters the descrlption through the deterr¡lnation

of r(t) and' ì(t) whictr in turn determine the t,ime dependence of the

quantitles appearlng in the eo::relation functlon" The eorrelation

function itself i.nvolves an average over the canonical ensemble to.ob_

taln the obsenvable result. rrre *¡alr now proceed to evaruate the cor-

relatlon funetion }ùich d'escribes the d.epolarlzed cïs spectnrm governed.

av1þ) o '

The motlon of two collid.ing nolecules can be resolve¿ into the

notlon of the center of mass and the reratlve nro.br-on of the two par_

ticles. The rerative motion may in turn be expressed as the motfon of
a slngle particle of ,,red.uced,, nass * = {ria * *;t)-1 interactl-ng with
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6o

afixed.centerofforcedescr1bedbythe1nterno1eeu1arpotentiaI

eners¡ funetlon /(") . The correlatlon fi¡nction for the d.epolarlzed

light scattering nay be evaÌuated. ln ts::¡ns of the following ensenble
6average¡

,,'l
, ( ¡s(t) pþ+.t) pa( t(r).t1r+z) ) 

, )

f -H/kr ''...'..
,=(=(t))p("{t,t))P2G(t)'t(t+z))..''..'...'.....

t -ryxr
/ e dr dO d.rpdn" dn' ap, ¡,, , ,,

r¡here H is the Haniltonian of ¿¡s system

? p20 ,?,
H = ( ni +:!+ Z:T) / z^ + Ø(y)r r sinO t

,2 ,?.
:(ni+þ>tz^ + þt"l .,

(The canonical rnomenta are p" = d , p, = n"26 and p* = rnrzsinze. ")
l{e may ehange variables ( 

"rO,p,p"rpgrpg )-.( "o0,pu 
nrt?,prp/1, ) uy

nuJ-tlplying the new volune element in phase space by the Jaeobian of
the transfor¡natlonl

à (P",Po,pg)

òn àn àeòp= ãE W
àr,2 òf ò*ã4 ãro rp,

3v' tk l_w,
ò Pr m- i pe:=

-1

::r:ji . ,. . ,. :

ò (u, f ,n?/r)
= tr þ'"t. 

'- euç¡rl'] 
å
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The quantlties E a¡rd L are the total energy and the rnagnlt'd.e of

lne angular nomentuur of the systen. I,ll.ren ¡le conslder the equations of
notion for trhe system we wtll see that r(t) and ü1t¡.üqt+z¡ atre

completely determined. ln terms of ,, f and. E.. Thls will enable us
.:

to tntegrate inmed.lately over Orp and .pg/t,.
Because the interaction between the morecures can be expressed. 

,as a scalar central potential, the orblt of the singre partrcle of the 
',.

?þeduced" problem l-ies in a single plane passing througþ the cer¡ter ,

of force and. the total energy and angular nomentun are constants of
the ¡notion' specifying the posltlon of the partlcle in the orbltal

plane by the polar coordinates ("r*), the energy and angular momentun

may be expressed. as¡

1-212-zE=ä*.,r: =$, uz + f(r) =f , r, .++ + þk)
¡nr

, = *tg .

,'ij,
Introd'ucing b'i the inpact pararneter of the colllslon, these re- ..,,

t,.,:

latlons can be r*itten âs:
i?il

,å _ ["_,*,' _+Jr(î-/= L.-W -.ù:¿J

: bv 
r"'

.l

¡lt - 
''o

Y2'r

the turnÍng point of the orbit, rmin , can be found. by solving the

forlowing equation¡ "';",



= o Ë l'-,*,'- dç::frt> 
]

Taking tt¡e values:

r(t=O) = rmln

f{t=o) = o

as lntiar conditions, Ìre rnay obtain 
"(t) and tþttl by integerating

0¿
the equatlons for ,t, and' v , The onry parameters rù¡ieh apllear

'n 
these equations are uo" an. b , Ìrt¡icr¡ nray be expressed r¡. terms

of E and. f as uoz = 
^ZE 

a¡rd. o ='* .

The quantlty ü(t)'ã(t+r) is the cosine of the angle thrøugh ïùhlch

the inte:molecular axls has rotated between times t and t+8, ¡+hich

may be er¡rressed in terrns of þ<rl âs:

t(r)"i(t+r) = cos( ,lrttl -f(t+r) )

Îhus, the function being averaged in the correratlon function

r(t,t+z) = peft)) p("(t+r) ) pe("os (p(tl_þ]t+z)))

has been expressed entirely j-n terrns of r(t) and ,lrttl ¡ nhictr in
turn may be specified. in terms of r, E and f r

l{e nay noÌù proceed- by integrating oven or? and. p?/r, to obtaln

the following result¡

, -n/xt
¿e ¿L- e (n-f(r)

q,'

62

1.:ì:.-r.¡a-tiì

I

r(
(z^)z J o,

v (ãrnrkr)

(r(r,t*r} = ,,f t'L
-&-jzl " î(t,t+E)

..TTIT
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(r(t,t+:)) = uf.,qf*rr?# (îrX,
v (z¡rmtt) ls

[r 
_ ,å, _ç J-* içt,t+r¡ .

However, [t - rå' - øLrI]-+ v--'--, L- Ç) -'È=tJ =-S3= "o*, andþintroducïns

thls substltution an. r,rlting t = n/t<,r we get the final results

(r(t,r+z¡) =
æ .{t

ern. (ï ,, "-t Ë-, [*,ou, €qÈgv h /o l_;" --

The lntegration limits for the ,r a*d t if-ntegrars requrre sone

erçlanation, a t jrpfcat orbit wlllappearas follows¿

changlng vartable fborn (erlz) to (e/trru) an. rea^ranglng, the

expresslon beco¡nes i

since only r is specrfred, it is equally riker_y that the particle is
on the lngoing or the outgoing trajectory, and the values of r(t+c)

and' cos( tp(t)-fr**al ) wirl depend on the ùirection chosen. ¡n ord.er

1r*f*
(#)' I uo /*lo /,'-mln

to calculate the co*ect value of (r(trttr)> we nust average over



lngoing and outgoing directions-. Thus, the integrand. of the r_integ?al

becones¡

f(t,t+r) 'j =
2

to account for the fact that the lntegration onry extend.s over the out-
going branch of the orbitr r = rrnin*@ , Slnce the orbit is
symrnetrlc about tlre apsidal d.irection (the direction of the turning

polnt) we nay express functlons of -t and -t+î 1n tescns of t
and t:T as follors:

ìr(-t) = r(r) ,lrt-tl ,l - - ,1,$,,':
r(-t+c) = r(t-z) p(_t+t¡ = _ g$_r) ,'tì/

so that ã(trt+z) nay be expressed entlrely tn terms of ( 
",$, )

al0ng the outgoing bnanch of the orbit, By extend.f-ng the t-integration

linlts to t = -æ>+æ r Hê nay wrlte the integrand. as t(trf+c)/Z .

The factor of t/2 is necessary because the originar ense¡nbre average

co:rectly accounted for the tirne spent at a given r-vaIue without

distinguishlng as to üre direction of traver,

The Fo'ríer transforn of the co:relation f\rnctlon

c(î) = ,S,u s- f r.,.f Èì l2 I ( r(t,t+r¡ )
will give the depolarized seattering cross section per unit frequency

lntenval and per unlt solid angle due to a singre paÍr of molecules
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confined in the volume v . If the gas consi-sts of ¡ nolecules,

the number of pairs will be r(r,r_r1/e e Nz /z , and. the density of pairs

will be ¡rz /zv ' E"r we nultlpì-y the above eorreratlon functlon by

the density of palrs in the gas, we get the more usefuÌ result:

c(r) = e,u þr r*(È,Ì ft * Sfi
= ,*,u S c ,*(ùÀ)') # '* /* tÈ ;€ 

[. * 
[:,at 

Fçt,t+r)

ut¡ere p is the numbæ density of ¡nolecuLes in the gas, The Fourier

transforrn of this correlation function is the depolarlzed scattering

cross sectlon per unit fbequency inten¡aI and. per unit solid. angle and

per unit volume of the gas with nurnber density p . 
-:

The evaluation of the correlation function and of the scattered.

light spectrum can proceed fron thls point in tr+o directionsr in terms

of the moments of the spectnm or in terms of the spectral- dlstrlbutlon

functi-on. }Ie will consid.er each of these ¡nethods in turn.

7

There are several reasons for computtng the monents of the qreetrum

rather than the complete spectral d.istribnrtion, The ctrlef reason is
t'hat the ftrst few moments are far easj-er to eorapulÞe theoretieall-y than

the entlre spectral distritn¡tlon. The second reason is that they present
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the lnforrnation about the spectral òistribution in a conpact and

oonvenient' forn. The first two non-vanlstring ¡ooments are essent.,

iaIly'bhe total scattered lntensity and. üre spectral wid,th, so that

the gross features of the spectnrm are d.escribed. þ just two numbers.

The e4perirnental determlnatlon of the ¡nonents requires knowledge of the

' spectruro over an extended' frequency range, r¡hlch ls sometimes d.ifflctrlt

',' to nanage' However, knowledge of the complete speefururn ls usually nec-

I 
essary for propeu inter¡lretatj-on in any case, so that thls d.isadvanta*e

is not unique to the analysis in terms of the ¡noments,

The spectral lnt'enslty and the comelatlon function au'e Fourler

I transforrns of eact¡ other¡

ï(r,r) = h ß.-16c(r)
1æ

c(u) = f 
-a,u 

"1,. r(,¡) ,)-* '- \*'
but since the classieal correlation functlon and. speetral intensity are

, "ren functlons of thelr arguments )

c(r) = c(-r) and. r(,¡) = r(_o) ,

the second relation nay be rnritten asl

/*
c(r) = I u, cos(øc) r(ar)

J''cú

' Uslng the Taylor ex¡ransion of cos(tlt) about T = 0 we have:

c(r): l:"'",',ä (-r)' H.
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1a
Q(

.ø=Ë,-'Ji+

EÞcpa^nding c(r) in a Taylor serles about t = 0 and equating coeffi_

clents of equal degree ln? , we obtain the folrowing results

,(zn) = (-r)' #tl==o = 
f_V" 

r^ r(æ) .

The derivatives of c(z) evaluated. at T= o are equar to the no¡nents

of the speetrum to .withr-n a + or - srgn. The .zenoth rnonent, p|o) ,

is just the total intenslty of the speetrurn. lfe will compute the

flrst two ¡noments for the depolarlzed CïS spectrum using the eorselation

func-bion:

c(r) = v {p6 p&+r) pz(ü(r).t(t+z))) 
e

The e4pressions for ¡no¡nents higher than the second. beco¡ne quite cumber-

"ot",8 r{e will ¡nake use of the folrowing property of the corrceratron

function of the quantlty A(t).,

(

æ

T
np0 2m t

)

(*

)_y 
$n r(a,) .

(aCtl ;1t*,r))l--o = 
#<A(r) a(t+r)) 

l==o

= # (ottl ;1t*'Þlr=o = å= (a(t-t) i,rrt 
l.=o

= - 4Å1t-z¡ ÅfrDf==o = - <i(tl Å(r*.))1._o



The invariance of the correlation functton under the tlme translation

t-àt -T has been used,

The first two moments are¡

þ(o) =c(r)lz=o =, 1\'<rl)
ø() = # c(=) i==o = -# ,(f(t't p$+z)p¿(cos

where cos e = ü(t),t(t+z¡ r

Continuingr w€ have:

p(') = - v (p(t)

tÌlt=o

llith the results¡

P2(cos t)l*, . :
! ,, I

P2(cos o )l*o =

ir1"o" u )l*o E

the e:içression tor g(2) reduces to:

lpn*, P2(cos o) +

p(t+z) ii21.o" r) 
]>

1

0

t2
-3 ø-

f'(') --v{pttlþro - tpz{tlôrrrl)
Applying the relarion (,o(r) i(t)) =

ø(') = v(þ2{t)_* jF2$) aztt))

= v ( (þ2 ¡z + ip''r,
I'Ton the equati-ons of notion we know that

.222¡' =f (n - Ø(") - 5) and o - (Jù"
¿my ffi

so that we may compute the ¡noments using the ensernbre average:

z þt*r) É.(cos o)

l..'=o

-<i2 (t)> ¡+e obrain¡



In ord.er

6g

the integration linits wiII be:

ø(o) E ,,nT

ø(') = ¿ir#

an¿ the results of the lnte_gration_s¿s,s¡

r: z -fir)/kr 
"Jo* " e' p"(r)

f z _flr)/r<r
,d.r r e

,/o ((þ2* '4t .r

These results show very clearly the nanner in lrhieh the dynamics of

the collison, determined. by the intermolecular pot,ential function f{"),
and the form of the pair polarizability function 'p(r), which depends

on the scattering nechanism, both enten into the d.etermination of the

scattered light spectrum -it is not possibre to separåte their re-

spective contributions óo the integrals they appear in. He have put

our Í:rnphasis on the polarizability in our dlscussion of light scattering

because the intennolecular potential ls discussed extensively else-

nh"=e.9

By altering the integration l-imits it is possible to restrict the

avera€e involved. in calculating the spectral moments to only a portion

of the phase space accessible to the uyrtu*]0 To undenstand the value



7o

of this d.ivisron of phase E)ace we must consider the nature of the
orbit's of the collid.ing molecules. The particle of the ,,reduced.,,

collisön problem noves und.er the infruence of the ,,effective,,

' ,pot,enllal:
.,r,(

Ø"rr(o) - ØFl
,2

,IJ
f::-,

. ¿mr
A schematic 

P.rrt") for a partleular value of f is drarrn below;

Partlcles in region I, lrith total energy E {0 r+ill be þound, particles
Í-n region rr, with total energ:y less than the rocal maximum, will
main bound so long 

". f is left unchanged * they rnay be called.

netasjably bognjl. parLieles in

ticles in region ffi but started

we nay call then low energy- free

region fV have the same energ), as par_

to the right of the Local ma^:cimum _

particles" The remainder, region Iïï,
is conposed of high Snergy free partieles.

I'rtrile the distinctj-on between the various regions j-s not important

insofa¡ as calculation of the monents of the speetr'nr is concerned,

¡rhen it cones to calculating the spectral distribu-tion from the cor='ela*

tion function we must compute the actual orbits, and. the orbits of bound

and free partlcres are very different. Holrever, rù¡en we calcurate the
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contrlbutlon of the bound and free particles to the scattered inten_

sity, that is the zeroth noment q(o), we find thät the free partlcr-es

t¡rically acco'nt for 85 percent of the total intensity at room temp_

erature for the ¡nolecules we have studied.. The free partrcÌe contri_

b''tion increases for higher monents and for higher temperatures. 
'or

Ar at rooln temperature the contributions from the d.ifferent regions of
phase space to the first two moment" o"l0

ø(o)

hlgh energy free

1ow energy free

bound

netastable bound.

From this we see that the spectrun¡ except

sttiftso ls dominated by the free particle

ls a good first approximation to calculate

ecattering fbom bound d.imers.

p(?l

s5%

3/,

t%

t%

perhaps at small frequency

contribution" Therefore it

the spectrurn ignoring the

7%

n%

7%

3%

As a Last illustration of the spectrar_ rnoments, ret us consider

the spectr'um of scattered light using the lowest order DrD moder for
the pair polarizability¡

p(r)
6ú

= 

-
î3

into the expression for ø@) we obtain¡Substituti"e p(=)



TABT,E 3 :_z

moleetrle

He

H2

m(*)

cHu(u)

eou(")

cF4

SF',o

L.J, 6-f2
potential
parametens

e¡rçox) o-(Â)

10. B

3r,3

T42.7

2r7

3J"?,

\52,5

2Q0"9

ql'Å31,

0.205I

o. g056

T,6LQ

2,633

2.59?

2,85

lt,Q7o

2,52

2.92

3,?6

3.559

3,55r

4,To

5.51

r"r**"d.(d)

0.040

3,69

lQ,7

tg?

183

IL12-

574

p(o) çf ¡ u(arnu) v"r"(iósec)

3,87

51.5

296,2

2æ,3

277

t2t2

l+

2

40

16

ñrr"{*-r¡-
1

#r#l'"'"

]5,65

22,¡¿+

4,95

7.93

7.00

3.3t+

2,59

20

r""uu""d,(")

õ*"{.r-1¡=

B8

gg.6

110.2

19,1

32,0

28,?

10.3

6"9IM

I

r- ¡ ¿(2)Jztc\60)/

64.9

l.5,6

28,6

25.6

72"9

5,3



(") The paraneters are glven for the Ar potentlal of the forn l$) = €(ñ1 *-n -;ä *-61 r¡¡ene

n = l+ +9x and x = =/r^ i "* = 3,?6Å, ana e/k = :lt*Z,loK .

See Snltrr, Physlca ?3r Z]:L Fg?4)

(b) The parameters of the Iennard.-Jones 6-20 potentlal suggested. by
Matthews, Snlthr lIoI. Fhys. 32, ?Ig (Lg?6) o" gtven.

(") The parameters for cD4 are relatod to those for cH4 as foLLows¡

V.rr, ê ---Uf,,, U''U CCH,.
H* - i,01,"'uu,, - + ' ,.€CD,'= L,022 t--¿+ ,U "*; = (1' Oozz)-L .

See Thonaes, Steenwirikel, MoI. p6ys " 5, |ìO? (tg612) ,

(d) The uncertalnly of th.o neasurenents ls expected to be ln tho.range of * 5 - lJ pencent,
lncreasÍng donn the table. the accrrracy is of the results is d:ffleuLt to "r"r,r"tl ;;;;"r'",the possf-blltty of unaceounted. for systematlc e:::rors,

(*) The unce¡rtalnty ln the e4perlnentar results is ln the range of t, S- L0 pencent.,
TR comparl'rr6 tlrose flguree wfth the caLsulatod, valuae or õrrs recall that, wE have

used the approxtmatlon: I**s(x) x-6@*'
,:.. ..,:,::.
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i:
iìr
ì.i

i.i

I
r,
iil

ii.
i",

i,ì
[:i
,t:
i'l
i-r
t.,:

f:.
It:!

iiìl

iii:
l¡i"
ij;ì
r ii.t

i.¿;i

.ilr
':,.1

:i.r
'..l:

'.tì
,'f.ì:
. f.il
'; ii
:*i;i+.
.,:îti
',i.1.'

.'l:{ .{:':¡\) .li,
,:ii,

r:äi
.l{t'

'+:i
r)i!
r,il
ìl{¡



øoi¡ = ¿lrr í"i tz e(") ,*i

= * r$' l,i e(*) x-4

. '- :

u?¡ere x = rfro and s(x) = 
"*p(- þ{Ð/tt\. simitary for Ø(r) *u 

:

havel

.1. :_. :

øS?¿ = ,n'- # I- ,z e(=) [, -, fr' ., (f) ] ,'l ,

= *,"#) +g f.i s(*) x-6 , '"'

lùen the unit of length ro is chosen as the molecular dlameter (for ex-

'g¡ople 
"o = f , uhere ø is the radius paraneter in the lennard*tonés 6_n 

:

pot'ential function) then both integrals are approxirnatery equal ,o *,. ,

an estinate of the frequency spread of the spectrun is then given by¡ 
i

,r)*^=,*rr=(+Ir)å= æ)',#=fl:w*s \p,Fl ' ' æ* 
,, 

,,.,
T is rougþly the tfure it takes a ¡noIecule to travel one norecular .., 

,,::...,

d.iameter at the mean thernal velocitï, ,"*" = ($ tr¡å . The spectral 
' "

width, in cn-l units is given by fu"1"*-1) = GJrm"(rad/sec) / m. ,

and' is typically 20 cn-I . The depolarized. scattering cross section -,,,.,.,'-.

(per unit solid angle and. pen unit volume) nay be e>çressed in terms

of the zeroth noment as:

ffivH = F,'+ * ç@ .



rn l ab1e 3-.2 a'.e presented the values of ø'JiI ana Ç. for several

¡nolecules as ¡relI as the experimental values oi þQ) ,nu tñ)r+,w,
for conparlson. The sirrple DrD mod.el predicts the intensity to within

a factor of two for all the nolecules in the table and does much better

for the spectral wid'th çhich depends chiefl-y on the ¡nolecular velocity 
"

3,2,2, Calculation ,

The spectrar- distribution of the scattered. light is eomputed as

the Fourier transforrn of the previouslyd.erived. comelation function¡

c(r) = B{ìi' ¡,-" ,t e-t f ,1 
* 

f"7, ^* Fçt,t+e¡

The computation of C(Ð involves tr¡o steps. The firs.b step is to con_

pute the orbits of the collid.ing ¡nolecules for the requlred. values of

energy and impact paraneter, € = n/tt and. b, neglec.binS the effect,

of the incident light. The second step i-s to evaluate .. f(tr:b+f )
for each orbit and value of z r and then compute the integrals over

t, b and.9 to obüaln the cor,:celatlon function C(ìÈ).

thls nethod is not r¡holIy satisfaetory. Ï,et us consj-der the energy

and' momentun changes uhen a photon is scattered. during a morecular coI-

lislon. The incident photon has an energy about L00 tirnes the mea¡r 
.

thermal energJ¡ kT at roon temperature, The energr change of a photon

scattered with a frequency shift of z}J cm-l wilr. be equar to kT. The

}I
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largest posslble ¡nornenturn change for thls photon as a result of a co1_

lision ls only about 10-3 of the total ¡nonentu¡n of a pair of molecuLes,

Thus we are probably justlfled in lgnorlng the recoil of the rnorecules.

However, a photon scattered. wlth a frequeney &-rrrt of 200 c*-r on the

stokes slde of the spectrur has glven up enough ener*y to have doubled

the enerry of the palr of morecures it l¡as scattered by" rn the

quantun ¡nect¡anlcal d.escriptlon, the ctrange of transrational state is
explicitly taken into account 1n calculating the scatterlng cross sec-

tlon, but this is not so for the classical calculatlon. For the diatomic
Irotor, the quantum results agree wlth the classical results in the

li-miting case that the initial and. final rotationar states are veïî. ,

cl-ose together. slnilarily, the classical calculatron for the crs
spectn'n naÍ,be e4pected' to agree with the quantum calculation so long

as the lntiar and' flnal transrational states lie very close together in
energ:yo At very large frequency shlfts ( X1*ZO5 

"r-1 ), our calcu_

lation nray not be able to aecount for the observed scattering at aIr.
since the enerry of the molecules changes during the eollisron, the

s¡rmmetry of the orbit about the turnln6ç point i.s removed along ¡+lth the
s¡rmmetry of the correlatlon function and. spectrum about T = 0 and

&J= 0 , respectlveì-y.

Fortì*ately for our calculation, most of the scattered. photons

suffer frequency st¡ifts of about L0 crn-l or Less ( { t/ZO Xy ¡ ¡



so that the actual velocities of the molecures during a collision r+ill
diffen by only a few percent from the values calculated ignoring the

intenaction with the hght. our sinrple node of carculation shoul_d be

adequate to account for the most 
'ntense 

part of the speelrun arid. it
is only at large flequency shifts that the resurts must be vie¡¡ed with

suspiclon

let us return to the calculation of the eomelation f'nction and

the spectral d,;str-i--butÌon. The organization of the subroutines ìn the

progra¡n for calculating the spectrum is given in F,igpre J-l¡ t&e pro-

gram listing appears in Append'x 3-A. trIe will discuss the d.esign of
the progran below.

The first consi-d.eratton is to rersiite the expression for c(E)

in a forn appropriate for conputation. As a unit of length we ehoose

the rnolecular diarneten cf (in fact this wilr be .ürre length parameter in
n¡nat-ever potential function pk) t" chosen, ) tt e ti¡ne taken to travel

irr,.:iì:r:t::ì_ìrr::ijj{:.:::¡:iIt¿i!:,?l*i:i;i:::;;::;:.,,;ii*¿;ii¡:.Í:4Jtjj;:j;l:_:.1.,.r..;.r...-1.;- jJ".r:1i:,-Lrr4

?6

;:,:

:

C(r) beconess

(*L

)oat F
tæ1
JaE¿ã

/r,

fj.r..ì::. t-!.r:.

û

"-'f, urþ,

;t f*urn

c(r) = 8F1 13 r#l /*-r:ruei) F(t,t+r¡

f'NBE / arn f(r,r+Ð
Jo \

l-::ì: .:! rliìiìfr

the distance O- ab the velocity v

The veloc1tts vo rnay be e4pressed

ocitrr vr:ns =

these changes,

rT1
,/; t is taken as the unit of tir.qe,=

o

1n ter¡ns of the root rnean square vel-
I

-g

t " , hrith

=:'e$il y'



FLGJJR4 3 - 1

ïnformation is passed- bet¡+een subroutines connected. by lines,
in the direction of the arrows. A line also represents a subrou-

tine caIl, except in the case of ORBIT a¡rd- C00RD, where the infor-
nation is passed. througþ labeled conmon block storage.

The lnput data read by CORRFJ, are:

coNsr = rr,b.lq-, d4 tÂ9)g)
TSTEP = Af (psec)

Eps*r = e/kr (_)
SIçVEE = c/r=*= (psec)

and U{T(5), 1¡¡[ff(5) (the abscissae and weights of a five-point

Gauss- Iøguerre guadrature, In the case of Ar, the parameter

of the Lennard-¡iones potential is replaced by r* of the Smith

potential. )
The output from CORREL and OUTC0R consists of listings

and. graphs of C(E ,Z ), for each of the five values of Ê in
the energy integral, and of the final conelation function

c(r). The function values of C(T) are given in units or 19.

The output of OUTFFT consists of a listing of the Fourier

transform of c(ï) and graphs of the firs'b 1/8, L/4 anù IfZ

of the transform, and listings of the spect¡.un interpolated.
--1every r cm r

i) before "normalizing",
ii) after"notrnalizing", a.nd.

iii) after "normalizing" and correcting for the Bol'Lz-

nann asyrrunetry of the spec'brun,

The ,'norma1ization" involves sealing the speetrum so that the

spectral intensity is given in units of the HZ S(*) rotation
line intensity per unit frequency interval (1 cm-') when all
gases have a clensity of 1 molefJJ-Ler,

The correlation function progralß for Ar is presented in

Appenclix 3 - A, The first page of output, nhere the itrput

parameters a"re tabul-ated., is includ.ed- in the listlng. The

computatio¡üsês the parameter values given in Table 3 - 2,
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where BE=b/ø- and ,r=+t:þ €t.,t,, Nextwefactor
the polarizability anisotr.opy fuùction,

i, ,,2. '

p@ =ff pet ,

so that for the simple DrD model f(x) = *-3 , where x = r/Ç . Making

this substitution, the expressi-on becones:

'c(?) 
= (t4"q'# ) fi E+ e-a (:"r * Í-- +.6¿ lo ) 

drE h(r,r+u)
/owhere

'\ 
'\ 

''; 'iirü(t,'r+z) *l h(r,t+r) * j n(_t,_i+r)
and

h(t,t +T) = F( x(r) ) f( x(t +c ) )

i

P2(cos( fi*l - f{t *r))) .

1heca1cu1ationbeginslrith-theconrputationoftheorbit.forgirren

values of BE and € by numerically integrating the equations of ¡notion

istarting fÏom the turning point of the ¡notion" The intermolecular sep_ 
f

aration at the turning point, x*rn, Í.s the rargest sorution.L,o the 
f
ì

equatlon

t - ,tll + EE ø(xnin) = Ø.y¡'*in), ml_n

wt¡ere nn = €/n = ((./tr,t)/e t þ(x) = Ø("-/r) and € is the wetl 
:' : :

entiaf 13 rn€¡iel:r* :-z the funetion

Ø.t{*J for Argon is plotted for severaL values of the parameter ,.,ì.i:r:.,,,

- -Z 
- 

ilrrl't:ot"tr:'

u = (Ë*-) which determines the shape of the effective potentialn As

the value of A increases, the positions of the local nininum and the

local rnaximum of Ø.rr(*) move closer together, until r.¡hen ,A:=Acrit 
, ,



The 1¡¿saatomic Effective potential for Arson

The intera.tomic potential function assurned for Ar has the
form¡

ØGl=(S*-"-,x*-6)
where n= 4 + 9x , x = t/r* and. r, = 3.?6 Ã, is the radius ofthe mininu¡n of the inter"iomic potential. The ,leffective,,
potential, includ.ing "centrifugal repulsion,,. is

y'"rr$) = EE /t*) * (P)t
wtrere w= e/n and' BE = b/T^ i € is the ¡velr- depth of the po-tential, E is the total energy (of relative motion) of thecolliding atoms and b is the impact parameter of the corlision.' 
The effective /-\ :- r ,rpotential , F*ttG) , is plotted versus x for theparaneter vaÌues EE = 1.0 and BE: 0.0, 1,0, I,Z, I.4, 1.5,1.6 and 2.0 , ' -'¿Ì

The turning point i-n the cor-rision betr¡een two unbound
atoms r+ill be at the largest value of x which satisfies theequation Furr{*) = f ' The shape of the effective potential
Ø.rr(*) is specified by the paranreter A = d " n" an. 

""*"of A increases, the loca1 nrini, EE

rrom x = 1 and the loca1 *.*,.*i**::." ;ííj;l î:ï"rîî1=:
Eventually the loca1 ninimum and m.axinun merge at a hori zanèa!inflection point, and for larger val_ues o¡ Ar ,6u¡{*) is mono_tonic' The value of A at which the grr!) bu"o*"u monotonic
1s caIled ACRrr' and it is the largest-,,rrru. of A for uhich
there is a solution to the equation A = t *3 Ø(*) (tiris isderived fron Ø*tG) = 0 , ) por the Ar_Ar potential r,.hich wehave chosen, AcRrr : 2,1133325 , rn the diagran this corres-
ponds to Bh' I I,45 ,

llor non-nlor.rotonic Ø.rr(*) , the peak value a.b the IocaI
maximu¡n will a.lways be sma.rler than theheightof üre horizontalinfleetion point obtained by increasing ![, wi.th EE heÌd con_stant' until A = ÂcRrT. The height of the infrection point, is

FTGURE J - 2



rrCURn 3 - 2 (continued.)

/er..*.rit)= (s + þG."it))/w ,
crrt

and EEcrit = ECRIT is defined by

/u¡r(xcnrr) = 1 = (* * f{xcnrr) )/ncnir .
XLìRTT

for all EE<ECRIT ì;he collid.ing atons will have enougþ energy

to surrnount the loea1 naxinum of Ø.6@), and there will be

only one soluLion to the equation Ø"ttþ) = 1 . For our

Ar-Ar potentialr ECRIT = 0,460865t6 and XCRIT : I.IJ?IB ,

llhen A<ACRIT and. EE>EICRIT there nay be two or three
solutions of F"rr(*) = 1 , and it is possible to have bound

states of the interacting Ar atoms.

For potentials of the lenilard-Jones 6 - n forn,

ØG) = c (x-n - *-6) where * = ,/c , the critical values

6¡ Ar x and. EII are:

11 g. ACRïT XCRIT FUnIT

6 4.0 z,46z36,j r,30766 l.25oooooo

20 2,)932?63 2,5?59863 r,2r3405 0,?0?A?961
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they nerge to give a horizontal inflectÍon point at the posltion xcrit.
For larger values of A the effective potential ls ¡nonotonic, si:nilarily,
for values of EE less th"n E"=i¡r given by:

EEcrir= fA""itx3"it + /{*.rr¿f-r
1::only one root of the equation 1 = 4r{Ð exists. For other varues

of A and' EE there nray be one, two or three roots to this equation. The
largest root, corresponding to the turning point, ,oas obtaíned by solving ,,1.,

the equation by New'onrs nrethod *4 ,h" other solutlons þ.:r(x) = r 
,-,,

correspond to turning points in the orbits of nolecules bound by the
local minimum of the effective potentiaÌ and are ignored. in this ca.l_

culation.

Having obtained the position of the turning point, the orbit is
conputed by nurnerically integrating the equatÍons of motion!

dx o --z . 

v+v¡¡õ

lË, = i = (t-# -nø,flx) )å
dÜ?.*:(Y=.dTEI

BE
-Tx

i, : l::',::,using the lowest ord-er Runge-Kutta nrethod. tr,Ihen the orbit reaches the : : j

.::t : ::t i.. j':

' asy$ptotic regi'on, r+here o fl")<<r, the parameters specifying the
as¡rmptote are computed., The angle f , between the asymptote and the
apsidal direction f = o, is siven A, ? =h * lgrl wherer

eos o- = 
i, 

= f 
r - ne d(xt) - (nnlx r)" f+1 'r [1-EEl({t-J

and the point ("r, rl, ) Iies in the asyrnptotie region. The results of



The eoæelation functi-on c(-c) rs to be computed. for 100 values
of T in steps of TsTEp' the T'-integrar is evaluated for every var_ue

of T each tine it ls ca1led, slnce eactr pair of values (tr¡n) 
"*

quÍ-res the eonputation of a new orb.it, ïhe enerry integral is evaluaüed

using a five point c"r¡"=-rrgreme quadrature, The absclssae a¡¡d weights

of,the quadrature a,.e read in at the beglnning of the computation as

the amays Ð{T and WU(T.15 F,or the BE and. ?E_integrals, the following
substituti-ons are nade to reduce the domaln of integration to the unit
intervall

r(ne,gE,z)

(I-") dz f(ue ,re,r)

:l I ; and.

the orbit cal_culatlon are passed to

compute the posltion (",ú) of the

quired by the Tg_lntegral.

81

the subroutine COORD d¡ich wiLl

partlcle at any value of t re_

13", BE

*l:# z;_3

where BE = a lzir.r¡ and. a
/æ

{aru f(ne,¡u,ru,z)
¡!

- Jr; z)-2 dz r(ua,BE,TE,z)

where TE=a("-1-f) and ag1 .

The lntegrals were evaluated using gimpsonrs rule, with 64 and_ 16

lntervals respectively, and. three steps of Bonbergss method." The

small interval size in the B'-lntegral ls required because there ls a

dlscontinuity in the lntegrand for 10w enerry collislons, As the

'.r.a aa:::

i.t¡i:rr1¡:¡r,5
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' lnpact paraneter BE increases, for a flxed. value of t, the centri_
fugal ba*1er of Ø"r, will eventuarly becorne h5-5h enough to re-
flect the particr.e and. prevent it froln reaching tfie repulsive core

of the potential, Hhen this happens, the turning point of the orbrt
w111 switch fron a smalr radius to a larger one; since the palr porar-
lzabiltty fìrnction varies rapid.ly wlth lntermoreeular separatlonr this
results ln a large red'uction in the peak value of the pair polarizability
r¡tren the value of BE beco¡nes large enough to cause the Ëwiteh" This
behavior is illustrated. in Figure 3_3,

After obtainrng c(c), the Fourier transforn is apprle. and the
resulting s¡rectrum is interpolated at intervals of I *-1o Final1y,
the spectrum is normalized so that the cïs intenslty is expressed ln
units of the Hz s(1) rotation llne scattering cross section per unit
(r cn-l) frequency intervar, wtren both gases are maintalned at unit
(1 molefiter) denslty, ïhe spectn¡m i-s ,rcorrected,, for the Boltzmann

asynmetry by multíplyins the stokes slde by exp(+ .,?(_"_f 
t], 

I2(205 cn_¿)
wl¡ere t<r/ne = 205 cm-l at room ternperature. The co*ection on the
antl-Stokes side would. be the lnverse of thls factor, The total scat_

tering cross section for the spectrum is given þ the value of c(-r:o){(')
lhe conputation of a singre spectrum requÍ-res about 2J mrnutes

on an rBM 3?o' The finar results are expected to be accurate to about

one percent and' the executlon time could be reduced. by several factors



FIGUNE 3 - 3

Ðiscontinuity in the gu¡g ef_the BE - Tn'begral for Lo¡+

&tergy Collisions
%

a) The ¡p:integral sums the contribution to the correlation
function 

' 
.öf .collisions with differelt irnpact paranete,rs but, a

fixed energy. Tn the example we are presenting, EE: ê/E =
I,l5?528I , ìF= O"in c(z) , f(x) = *-3 and .bhe substitu-
tion BE : 0.9 ("-' - f) has been used to map the range 0+oo
of BE onto the unit interval, z=0-+1 . The discontinuity in
the integrand of the BE-integral, plotted as a firnction of z,
occurs a'L z 2 O3? (gn g I.5Z ,)

b) The d.iseontinuity in a) occrrs r.¡hen the t'rning point
jumps abnuptly fro¡n x g 1. OZ to x I 1.18 as BE increases
througþ the value BE = 1.J2 . (the turning point of the ¡no-:
tion is the point where the effective potential {urr!)crosses the horizontal line f(x) : I . ) rrre discontinuity in
a) is very pronounced. in this case because the Øu¡¡(*) is aI_
most flat in the region around the turning point for n = Io52 n

For 3¡ <r,52 , the particle has a very sma1l velocity over a
wide region approaching the turning point. It stays at smal1
x values for a disproportionately long tirne, and since p(x) = x-3
is s'brongly dependent on x, the contirbution to the BE-interal is
also large. llhen BE)1,J2 , the tr.rrning point moves to a ]arger
x value, and the velocity of 'L,he particle as it approachres the
turning point remains hidr. The particre spend.s less time near
the turning point and the turning point is ab a rarger s.eparation,
so the contribution to the BE-integral is much smaller. A d,j_scon_
tinuity in the BE-integrand. can occur r¿henever the r-ocal naxi_rnum
of Ø6{*) lies near the horizon.tal line f(x) = 1 o
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of two þ ellminating alr careulations wtrlch are unnecessary for
achievlng the required accuraey ln the final result. Thjs however

would require a nore frexible and. ¡nore compricated prograrnr ,

A t¡>lcal calculated conelation function, for [r, ls presented

ln Figure 3-þ and the corresponding spectrum 1s given in Fieure 3_5,

As was nentloned. before, collisions invorving free part,icles

are not the only ones possrble, But since the scattening fron bound.

di¡ners Ís responsibre for only about 10 pereent of the totar intensity
and' th-ls contribution'is confined. to the-reglon at small frequency

shifts, we wj_lI be satisfled r¡ith a very rougþ approxirnation to the

bound. d-imer spectrum, I,re l¡irr. consider the bound. d.imer spectrun as

being due to rigid., freely rotatÍng paÍrs r+ith the lntermorecular

separation fixed, at the minimum of the intermolecurar pot,ential. The

rotational constants are then ã = 0.060, 0"1t+0r 0.105, 0.0116 an.

. 
0'0051 

"t-1 fo di¡re¡rs 6f .Arr cH4r cD4r cF¿l and. sF5r respeetlvery,

rn fact, the boru¡d d.irners are not rigld. rotors br¡t are onry weakly

bound-, particularily the ones we classed. as netastabr.e bound diners.

Vibratiolrs w111 have large amplitudes and the vibrational Ranan spectrum

(to the extent that we may talk about separate vibration and. rotation

spectra ln this strongly coupred case) wirl lj.e in the same frequency

range as the rotational spectrun an. have a conparable lntensity. Further-

more' the vibration and rotation frequencres wirl be lower than the



FTGURE 3 - 4

The Calcula'bed. Correlation Function For Unbound. Dimers of Ar

The correl-ation function C(-r) , in unit* of Ã9 , is plotted ver-
sus T in the range of 0 to 10 psec. The Dï¡ rnodel, p(x) = *-3, was

used j-n the calculation, along with the parameters in Table 3 - 2

and the program listed in Append_ix 3 - A. The zeroth nonent due to
fþee d.inrers is C(r= o¡ = ørl2!= i?.i "A9 while the zeroth rnoment

due to all contributions is øfÎì - Lþ2,? Ã9 , so that our calculation
l.fnich ignores bound. climers, accounts for BB percen'b of the total scat-
tered intensity.

The cotrelation function C(f) is calculated using five values of
the total energy of the colliding pair of atons. Past r = 1.0 psec,

C(r) is almost cornpletely determined by the lor+est energy collisions
EL 0,26 kT, except the higher eneïry collisions deepen the dip at
t= 3.0 psec by a factor of t¡^ro, ForE(I,O psec, the next tno en-
ergies, E 9 l-,¿l kT and E å 3.6 kT account for a,bout L/Z ana 1/6,
respective1y, of the value of C(Z) , The next two values of I
(7.1 kf and. 12,5 kT) are completely negligible except for
E 

^-( 
0.1 psec.
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nrcunn 3 - 5

The Calculabed- CIS Speglrun for Ar

the spectral intensity of CIS fbon Ar, obtained, by Fourier
transforrning the C(r) of Figure 3 - 4, is plotted as a function
of frequency shift in cm-*. The spectrum d-ue only to unbound

dimers of Ar is given by the dashed 1ine, lùrile the spectrum in-
clud.ing the approxinate bound dimer contribu'bion is given by the
solid line. The contribution to the spectral intensity due to
bound. dimers is significant out to about B "*-1 . The overall
spectrum decreases roughly,exponentially I with frequency sLrift:

r({Ð) 9l exp(- u/u,),
The spectral intensi'by scale is in units of the spectral

intensity per unit frequency interval (f cm-l) divided by the
intensity of the HZ S(1) rotati-onal Raman line nhen both gases

(U, ana Ar) are a.t unit (1 nrole/liter) density.
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collision flequency at ¡nod.erate densitles, wtric'r ¡nakes even the
assumption of flee rotor behavior a poor approxlmation" Sinee lt is
dlfficult to proceed otherwise, we wirl take the shape of the bound

d'lmer spectrum as given by rigid rotor car"culation (with the q-branclr

broad'ened' to give a srnooth spectral proflle) and adjust r.ts intenslty
to match the dlfference between the totar seattere:r. intenslty an¿ the
flee (unbound.) dirner contrÍbrution. The result of this stmple and erude

approxfunation for the bound. d.lner spectrun is shown for Ar, along with
the fbee diner spectrum, in Figure j-5.I6
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1. lJhen tl¡e separation of the atons beeomes comparabre to the
wavelengtlr of the incident Iight, the phases of the scattered
waves fbom the two atoms will not be the samee But, in the
context of crsr very large dlstances are about 40 atonrlc
rad'ii or about 0'02 w¿vslength of light. so, for our intents
and purposes, the asynptotic value of the pair polarrzability
is just 2% .

L. Silberstein, Fhll, l4ag, n, 5ZL (ryf?)
the resurts for two interacting point dipores polarizabiriìies
arei

&(") =5(r-+-S,, -'
=ó y3- ,6,
6az ^; ? n,2

þ(") =É (1 -l-]}l-.tr-r)r

1'he present state of the theory of the pair polarizability of
atons is indicated in:

K, Clarke, P. A, I{add.en, A. D. Buckindlamo MoI. ¡¡"s. ]tJr 3OI (lg?B),

2.

3,

4,

5,

6.

A, D. Buekinghan, R. S. hrattsr Mol. phys. 26, ?

K, Clarke, p. ,¡\. Ivlad.den, À. D, Buckinghamr Mol,
Gol-d.steln, Classical Mechanics. Ad.d.ison-l^lesley,

(ren) 
,

Phys. 2!, 30t (19?B)

Read,ingrlpJ0

7"

Pathria, Stati.stical Mecbalics, pergarlon, Oxford , ]gTe

Child., I{olecular Collislon TheoTïr Academie kess, ïondon , 
'g?uP. I¿l1-emand, Compte Rend.u

H. E. T,evine, ¿i" Chem. Fhyr,

D. P, S:elton, G, C. 1'abisz,

Acad." Scu paris m, 89 (fg/l)

5!., z+55 Ggr¿)

FhYs. Rev. All, f5n Qg?s)



e9

B' The expressions for tÌ¡e 0r z, þ and 6 th moments are given
ln the papers cited in Reference 6, above,

9. For example3

T. M. Reed, ¡ç. E. Gubbins, 
,

Mccraw-Hill Kogakusha, 1oftyo, lg?3 , ,, :

10. H, E, levine, J. Chem, Ihys. 56, Z4S5 Fg?Z)
11' The ex'erimental values of the speetral moments nay be used,

along withthe theoreticar expressions for the rno¡nents, to 
,:,,¡,;,,.,deternine the parameter values in enpirical ¡nod.ers for the "' '

function B(") . See for example3I cxampaeS , ,

H, E. Levine, G. Birnbaumr J, Chem. Fhys. 55, Zgl1l+ (ag?l)
F. Baroedri, M. Zoppi, D. p. Shelton, G, C. Tabisz, Can. ¡r.
phys, 55, tg6} (tgn)

72. The classlcal carculation of the spectrun has rreen gi.ven in:
'

p. tallemand, J. de phys, (earis) !, Tt9 (19?f) 
i

The quantum mechanicar calculation of the spectruro has been .

given in:

Ln Frommhold, K" H. Hong, M. H" Þoffitt, Þ1o1, 1¡y" " 25,
rt .:. ""; .:

665 (rs?B)

13, The potentiar funetions used were usuarly of gre Lennard_Jones :

.::::.' ." t: ::.6-n tyfie:

ed\)= c(*-'-*-6)
wlrere C=4 for n=LlandC=Z,J)JZ\6 for n=ZO o

For ¿r, a potential of the forn

</tÐ= ( * *-n -;ft- *-6 )
was used, where n = 4 + 9x, x = r/n,and. r* = the rad.ius
of the ninimr¡n in the internrol_ecular potential.



90

1ll. For the teclrniques of nr¡nerical analysis see3

Gr Dahlquist, A, BjTkr Numerical Methods, Þentice-Hall,
,ì.' Brglewood Cliffs, J)TU ,

15. M. Abramowitzt I. Stegun, 
,

Doverr New york, l)6J
].6' The results of a (quantum nechanÌca1) catculatíon of the cfs

spectrun for Ar Ìrttich correctly accounts for the bound dj-rner
spectrun is presented in¡
L Fromnhold, ll, H, koffitt, MoI. Fhys. Þr 6Al (19?g) .
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i_on F\rnction Calculation

The subroutines in the listing arel

i.{ArN

ouTFFT (COlr, rg'w, a)

ourcon (cr)

GRÀPH (erot, NPTS)

sPrllrn (a, ï, N)

+ SoFX (A, X0, XI, trt)

rrFT (M, A, cK, CS, N)

CORREL (COrr, TSTEP)

Bl'tTGRt (CT, 81tr, TST,EP, N)

+ TtirGRL (r.ru, rn)

ROI{BRG (irver,, RESUIT, }tì{)

+ r,oi¡T (tn, tnu, BE)

.r- BF,x (x)

c00RD (T, BE, CX, CPff)

oaBïT (BÞt, EE)

nuwcu (tx, îsI, Blt, DE, H)

+ ¡'ultc (EX, BE, [E)

TURtü',ì'i (BE, EE' m,IIi\I)

POTot¡x (x, POT, PoTD, nOtnl)

The subrou-bines marked rr,ith a -t_ are func,bions. See Figure J_I
for the organization of the calculation.
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v

ruPlrcr r^II4l,Ìq {À _fl I c -z)REAL*8 COFT(1OO)
couPtEX*16 n ¡to)+¡

iiii:iii?;ilr{.srEPS 
/tr.ID rNFUt Ð¡IrA t{usr BE cHANcED }IHEN ¡ro.rEcnrÀR panÀ¡rBrERS
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cÀ tt
cAtt
CA.LI.
STOP
END
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0001
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0005
0006
00 0'7
000r1
0009
001 0
001 1

001 2
001 3
001 4
00 15
001 6
0017
0018
0019
002 0
002 1

0022
0023
0024
002 5
0a26
0027
002 I
0029
0030
003 1

0032
003J
003 4.

IYG

suBRorJTrNÐ oyTI{T (coFI,TsTEp,À)
ÏI'IPT,ICTT REÀI,*B (À.FI, O-åI -

CCMPLEX*16 A{1024)
RE¡rL*Íi TEi,tP( 10241
RBAL*4 PTOT {128)
REAL*TJ COT'T (1OO)
REALr.S B (102'1J, Y {1027) tc {400)
NPTS =128
ÐO 100 J=1,1ÐZtl
TEi'IP (J) =CDnBs {A (J) )I,¡RrrÐ þ r295)
llIT!l!l 2e6) {rEr,¡p (r),J= 1, 1024,!
FORI{At 1t 1r 7t gt 

7

FOR{'1AT1rgrr5D16,6)
Do 110 J=1r1A2r+
II !TIMP {J) .80.0,D0) TEr{p {J) = l" D0
lrHf (J) =DLoe (rEr{p (J) )DO 120 J=1 ,1Zg
PICT (J) =TÐr{P (J)
9À r! ciì À PH { PtCT, NPrs)
DO 130 J='to128

100

295
295

110

120

O IJT F.gT

130 PLOT{J) =lEUp {2tßJ-1)cÀ11 caaPH (PLOT, NPT'S)
DO I40 J=1r12,ò

140 PtOT {J) =TE,,lP (4+J-3)
cALL GRAPH {PLOr,NPTS}
Y {5 1 4) =c¡ÀBS (À ( 1) )DO 1b0 J=1t512

150 I {?l l:.¡) =Y (514+s¡"
N=1027
catJ. SPTINE {B,y,}t)
X0=- 1 6,6tgZ3 0D0/TSTEp
T1=-X0
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0 04e
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005'/
005 Êj

005e
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0062
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0064
006 5

NHAX=X1
DO 155 J=1rNl{¡,X
X=J- 1

155 C (J) =SOf,X(XrBrX0rXl ,N)
I,¡RI?li {ó,300}
i,ftitTn (6r301)
l{RIT E (6 ,305) (c (J) ,.7= 1 ,N¡rAX}

199 FoRI'I.Ar ( '1 t /'t o1 )'
19] lorHAT 1r r,5ï,i seucTnum Ev¡Ry305 IgaH,TT (,0',5Di6,6) -'

. TTL=C (1 )
DC 160 J=ZrÌ¡tiÀX

160 TIL=TTL+2r,C (J)
COFT 1=COFT ( t)
C0 NST = I " 3 Bt)6 6BD-3,rCOF T 1
3¡rCTOt=COltST /!TL
DO 165 J=1 ,NltÀX165 C (J) =C (J) x¡AcToR
{4,RITE (fi 

"300)T;r RIlE (ó,302)

"'lRITTt 
(6,305) {C {J},rJ=l rNt{Af )302 IoRtlÀT 1, r,5x,'s-p¡ctnúm 

EVE.RyDO 17 0 J=,1 , NMAX
X=J- 1

17o ! (J) =c {J) *o¡xp (x.z¿r i 0 " 19Ð0)
hlnITE (6,300)
ItRITE (6,303)
IüAfTE (6,305) (C(JJ r,3=lrN¡tAX)303 F0iiril\T {:_ ' ,gX,iSriiCTËut3 EVERyc ,r coF-nECTIOt{ r)
AETUR N

rND

'f cl{-1 BEFoRE scALrNG.)

1 CM. 1 AFÏER SCAI,ING ,)
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cuTcoa

SUBAOUTINE OI]ICOR ICTìrMpLrcrr RrÀr*B (AjHi6-zl
IIli*8 cÎ (100) ,cc{100)REÀL*4 Ft0T ( 12S)

lIl1ll (ó,300) {cr (r},¡=1,100)
_roRlAr¡r9rr5016.6)DO 100 J=1,100
Cc (J) =D ABS (cT (,1) )

1r (Cc (J) .80.0.D0) cC (J) =1.D0cC {J) =Dt,oG (cc (J) )Ptcl (J) =cC {J)
NPTS= 10 0

!11r crìAPH (Pr,oT, NPrs)
RETI,IR N

END
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FORTRAN TV
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5 ORT

1t+2 ISORT= 0
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DC 140 I=1,N
ïF {TP LOT {I, 1 )co To 140
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ï SOR T ='l
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0002
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000 4
0005
000 6
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0008
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001 0
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0012
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L

c

suIJFìO UT IN3_SPLINI (À, Y, N)FTND TIIE COEFFTCIENlS 'öT'ó¡¡ 
EEI.T-STIAPED B.ASIS TOR THE CUBTC SPTINE PASSTNGrHRouGH N-2 EçurDrsrÀNr pcÍÑrã-titñ";ffiå cu*v¡run¡ ãr rir' END por'rs.rr{E N-2 ruNc?ïoN vAr{rEs ¿nr ENTEREÐ ;ñ- i (ãi''iö'îîil_ii,rr{E 

iËiË;;f i;TrTäii:|,å:;iãio-öõ"ri'o'rru co¡rricri¡¡rs RET'RNED rN a{N).
REÀL+fl À(N),Y(N)
EPS=1.D-10
Y (1)=0.Ð0
Y {N) =0.D0
DO 100 J=1,N

100 À (J) =Y 1¡¡
1 50 tot D= A (N/2)

A {1) =l*s ¡2¡

SPLINN

ÀlN=N- 1

Ðo 155
155 À {.:¡ =-¡

A (ll1 =-¡
rF {DA8S
NETLI R N

END

J=2nNN

lg-.il /!' ^(.]+ 
t) /4+3+v {rt /2

lÌi:?l +2*A {N-1) +y{N) /
lG\{t{/2) -AorD)lî\lN/2)),GT.Eps) Go To 150

-À{3¡+y{1)

\o\o
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000 1
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0003
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000 6
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000 rJ

0009
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o012
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0014
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c
l-

c
C

DOUBIE PRECTSTON FUNCrÏON SNr'YfY,\ I/^ V4rHE õoËFñicii¡¡t5-õr'tt¡n ;liil:fi!ËËÍ';iEii'iil*àtu crrBrc spLïI¡E pÀssrNG

iü'i¡i*l!'ouo3uåiffi^ii lïiî:;"ouiíuífi-*o ÀND iT-wiöi, zER' cunvarun¡ Àr rREttt 
iüiitt.iå ft'fr'ÎåiiI#,¡i;i'r oornr x BErï{EEN x0 AND x' rs c^r,cur.Âr'D.
_lEM{r À {N)
ü= (X t -X0) ,/ (N-3)
.JA Y= ( X- X0) //H
J=JAy +2
XJ=X C+J/I y*H
DXJ= { x-xJ) /H
DTJp= (XJ+H-¡¡ 7¡¡rI¡ (J. EQ. N- 1) co TO 1 0C
soFx= A (.1-1) *ÐTJp* *3,/6-+Jg) ] (DX.r** zl2l?{J1 *2+2.Ðo /3)

" ^ .. 

ti9 
lJi 

- 
; à ; 

( DX rP* *3 / 2'- Dxã Ð* íz ì z. o o t ti io (o* 2t *n Nr,** 3 / 6

l3g åSii;i,jf- 1) /6+a (r) x2/3+À (,-i+ r) * (Dxrp **3/z-DXrp**2 +2.D0/3)
AETU R N
END

scFx

Foo
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000 1

0002
00 03
0004
000 s
0006
0007
000 B

000 9
0010 ,

001 1

0012
001J
001 4
0015
001 6
001't
0018

TRñs Ftl

suBn0urr lI^TRNsF¡! {coFr, a)FouRrER rRÀ NsroñM- ri¡Ë 
.ðõ;å¡¿arrc 

urrirLTCrT ¡!Àr*B 1a_n,o-7¡aEÀr*B cor,Í ( I 00 )TNTEGER*4 CK
REÀL*8 cs (1 024)
ÇctfprEx*16 À (1024),cup¿x
CK=1
f'l= 10
N=1024
DO 100 J=1r 102q

100 I (Jl= (0.00;0.D0)
DO 1A2 J=Zr 'l00
A (J+ 51 ? ) =Ça¡1 1-r¡102 i {?1.3-r) =¡ (r+51i)
A (5?'2)=coFT (1)
:1I-t_ r¡.r.{ü, À,cK,Cs, N)
RE?U B I,I

ENT)

c
FUNCTION. USE ZNNO FII,ITNG.
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001 5
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0017
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{.}0 i I
0020
002 1

0022
0023
002q
002 5

c
0021)
0027

c
c
C

SUEROUTINE FFl (t{rÀrct(,cs, N)

CK=O GINERÀTE TABTE op CS (I) oNtï
rNr'cr;fu-Jo.u*. rÀBr.E "åND rnews.¡ön*iî1, rNvnasn{_.r )

=) -') 
llccltir

REÀr*r=íii3uå:;3äË rÀÊr'E EXrsrs, GEN. ?nAN. {2t ,rNv. (-2)
!_E 

Ar,*. B F N ü, FI UT r 
pIo N , E ! ,T HT , 

'rï 
, i¡RIlll*ð pr/3. 141se26s3Seée D0/,cs 0qlc0l.lpLEX*1ô À (N) ,!JrT, DCI'tpLx,DcoNJGTA=CV

IF (IÀBS (IC) . cT. 1) co 10 20
GE¡IEAAÎE 1ÀB¿E OF CCSINES. ETC.ïF (t!. tE.0) sToP

IIO ï.D = 11

l{ tll=l * *i{
FNI{ = DFI,OÀT (Ntt)
N i{T= Nn/ 2
NMTPl=trilfT+1

I llF=N Hr/z
N llFP 1 =N MF +'l
FNI'1T = DftOAT($¡fT)
PfON=pIlFNtgT
DO 10 I=1 , Nt{rap 1
Fï = DFIOÀT(I-t)
T HT= F I* PION

!s trl = Ðcos (Trir)
ÏF (IC. ¡Q.0) GO TO 1r+ü
"ïF (fl. NE . tlCLD) ST0P
IF{rc.cT.0)GO TO ¿¡0

r NVERSLi= (TRÀNsroRIï {À*),/N) +, T¡rus, coNJttcitr'DO 30 I= 1, NI{ I
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0032
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0040
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0048
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0050
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0052
0053
0054
005 5

c T BJ\ NSTORI{
40 DO 100 L=1,i{

LP 1=L+1
$t{l=tI-L
NSTE P=2 **I{lf L
NS2=2*NSTEF
ïTER= t¡MlNS 2
DO 90 .l=1 ,ITER

lHE LASÎ BrT SHOU¡Ð å'LT,JJIÏ5ïR= (J-1 ¡ *2
ïER=0
DO 50 Il=1rt
K= üOD (IR, 2l
ÏBR=2 *I BR +K
IR=IR /2

5O CCNTT NUiT
ïER= I BR*NSTEp

T!I=rABs (NI{F-rBR) +1
t^tJ=CS (IBI)
rF (IBR.cÎ. Nfir,)GO TO 60
liR=CS {IER+1)
GO TO 7û

!1 IIR=-CS (Nl{Tp.r -rBR}70 f,l = DCl,ipf,XiWRrl{fi
NB= (.t-1 ) * NS 2
D0 80 I=lrNSTEp
l{=NR+I
l,l1=lt+N,STEp
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/l {N 1 ) =À (}¡) -T
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FOUNIBR SU¡1S A8E CO¡IPTETET BUT ?$IEIRESSES ABE BIT-RIVERSED. ffie FOLLO,,fïNcVG PI]TS ÎTTE}J IN OADEfi"
=1rNif

=1, i'l
2)

i+K

S THE BTT BEVEÌSED VÀTI,E OF Ï-1
, I) co TO 120

R)

tsvER5.¡,1 r5 CCfiPT,ETE
clco ro 140
i¡'ì,TE AND DIvrÐE ET N
1, N¡l
INJG (Â, (T) ) /rNrT

Fo

À (N¡ =¡ 1¡¡
CCNTINUE
CONTr NT'E
CONT T NU E

TT]E F
àDDAE
CCDTN

DO 12C f=
IR=f - 1

I B-R= 0
DO T10 J=
K=l'loÐ (IRrl
ï BR=2,kf Bn,
IR=fRrz2
CCNTT NÎ'E

I EIì TI
ï8R=fBR+1
ïF (rBF. Ln.
T=À ir)
À (I) =À (IBF
A {rBR)=T
CCNTTNÜN

ËIT NE
ïF {rc.cT.0

CCNJ UG
Do ?30 I=1
A {I) = DCC
B ETI' iì N

END
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IYP¡g gI ïNP_çgBE Er (co Fl,rsrEP )rP¡ ELTCIT RE¡1T,"8 (JI:H;O:'i \' Å !!
REÀr,*rJ cgITJ] 00),cril0oi,cE (100, s)REÀL*g EKT(5) ,HeKt(s) 

-' '-- \ ¡vv' J¡f

REÀr*B EqJ_{:) 
f rùr {5) , ar,eua 1s¡I EKTI AI\iD ' 'IEKTI ÁNE 'ti]E-'¡gSC'SS¡E 

AND }IETGH?S r.OR A FIVScAUSS-LAGUERRE QUn¡n¿tun¡-'.
it=100
READ (5,20p1 !!Ist, rsTEE,EpsKr,sïcv rEnE ÀD (5,200) (nXt (J) ,J= 1,5)
nEAD {5,20 0) (r,lEI(T t.l j ,;=i ,i¡200 FCFI{rìT (5D16" g) '- ' t - '''t
r{RrrE {6 ,293)
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l_llliÀ (r) =slcvn¡/nsQdr {tit (r) )HRrtr {ó,300} --* \-r '

.tÎliåii':r;!'|j"*''t-- 'o8r' 'BEï (r)= I 
'10x,,-dr tr) = ',11x,
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ÏIITT {6,30s) g,IIrJ!) , !f I {r) ,ÀLpHA (r)
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00¿J4
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cÀtt ENTGTL (CT, EETSTEP, N)DO 115 fi=1rN - :

? 15 cr (K) =CT (K) *coNsT
i,¡RITIi {6 ,Zgg)298 FOni{ÀT { r 1r; '

rdfrrTE (6,300)

#åiif ÍZ',i|?tl'.r'EEr 
{r) ' lir {r) 'ArPHÀ i'r) 'cr (1)

299 FOR¡IAr{r9r¡-
cAtL CUTCOB (C?)
DO 110 fi=1rN

1 10 cE (K, J) =C? (K)
D0 120 K=1rN

120 ccFT ( K) =c¡ (K , 1) 4.pT I 1 I
DO iJ0 fl=1"N
uo 1i0 J=2r5

130 coFr (l() =cg{T 
f 
K) *c¡ {K,J) *i,lr (J}r/ùRI?T,(7 ,330) (COFT (.I) ;¡= 1,N)-330 ¡oRiÍ41(5Dro.o¡ --\-"' "L'r

_HRTTE (6,J 10) .-

!¡R_ITE {,6,315) TSTEP
310 FOrr¡¡T(r 1'/-t0" rcoRREtr*'roN FttNCT'ON rr{ sr'ps oF3 i 5 FoRMAT ('+ ir1¡x, r6:i');õ, ,t
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r.OR TF ÀN
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SUBROUTTNE BNT9TI (gT, E!,STE^D, ttr)rMPtrcir nEAr*B ta:n,ö:ãí--
iT:å.8 c1{100) 

'18tr P'd72s"100) 
'FvAt (1zs)

NpT=2x,r (NI{+1)+1
RNPT=NpT-1
DO 10C fi=1rN
TEIfP{NFT,K) =0.O0
TEIIP{1rK)=0.00
J.l= NPT-2
DO 105 J=1rJJ
Z=J/FNFT
A=û.9D0
BE=(1/Z-1),¡A
c¡ttI CRBrT {Ð8, EE)
CCIIST= (À:r*2],¡ (Z+*
DO 105 K=1rN
TÀU=STEp* (fi_i)

100

B}¡TGTìI

105
T!l'1? f J+ 1' KJ =TNTc8.t (TAU, Er) {,coj{sr,
DO 110 K=1,N
DO 1?5 J=1rNpT
FVÀl (J) =f¡üF (J, K)
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CT (l() =RES UIT
R EÎUR N

E NI)

115

110
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PORTR,qN IV G

000 1

0002
0003
0004
0005
00 06
00 07
0008
000 9
001 0
001 1

001 2
001 3
001 4
001 s
001 6
0017
001 I
001 9

DouBr,E pRI!IlTgN FUNcTToN rNlGRr (TÄu,BE)rMFtrcrr REAt*tJta:Hrclzl -v¡¡{r¿Ã
REÀL'FB FYÄt T129'I
N M=4
NPT=2+)i (NH+1) +1
R NPT= NPT-J
I'V AL ( 1) =0" O0
JJ=NpT-1
DO 100 J=1rJJ
Z=J,/R NpT
A= {B E+0.9D0}
TE=(1/z-1)*¡
TEI{=-TE
CONST=À *2,** (_2,

100 FvÀr {J+1)11 .ioÞt(rE,TAy,gxl +FoFr (TEM,r¡rî,Br)
cA tL .FC FtBHc (rvÀt,rRES U I1, l$ ¡,t)
T NTGR t= BESULT
NETUR N
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lNlGRL
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FORTRÀN IV

000 1

00 02
000 3

s

s uBRo r.t1 I NE_IgrpRc (rvÀ rì,¡ESUIT, N U)T¡IFIICTT REÀL*A 1NJI.I,9-O'REÀ¿'ÁB Fvtr (1¿s) "¡,uirtjirHE rNrEcAL oP F(x) 'oN r;r..IITIRvÀr, (0, 1) rs cor{pur'D üsïNG srHFsoN¡sRULE ÀND TI'lo sr'Ps' tF nõ"li¡nc's ,o¡indnl THE v¡r,u¡s 
-õ¡ 

r (x) ÀT 2** (NM+1¡ +lE'uAtr'v SPAcED Porì{Ts' i¡¡õluDrNc x=ó'-l¡ro x=1 , anã õo_nn c'NT.{rNEÐ rN ,FyAr,r
iii:i^!3Ë 3i'iiËu'l;r;Fi.*-¡;ill¡l'^iN'! REsú¡,r;'l öi¡ ouÀoi¡öüüË',s
N¡{, GE.3 rs FEQU'ì'D . 

v¡r¿¡r¿J'r-

THnER 'trPPRoXrIfÄTroNs TO THE TNTEGRAT i\Rl-ggIIUÎED USrNc srplpsoN,S R{'LE,THr srrP sr.'r BErNc HAL'ni ¡o¡ nnc¡¡-sü-CðEssrvE irpproxrr,r^,,ïoN.

c
c
c

C

c
c

0004
00 0s
0006
00 07
0008
0009
001 0
001 1

001 2
001 3
001 4
0015

NPT=2 ,r,¡ (N ü+ 1 ) + 1

DO 100 $=1r3
fl If =l'l+ N H -3
N_ 2** PlI,I

H=1. D 0/ (2*N)
NN=N- l
¿J= (NpT-1 ) *H
IIIA? (u¡ =¡YAt { 1)
ÐO 110 J=1rNN

1 10 FHi{? (ir} =¡¡tot (¡{) +4*Fvou 
f :iJzi{:1) *JJ).+^iïrvÀr {1+ (2*{li *JJ)f HAT (il¡ =3'¡too (iT) +4*FvÂt (rr*pT-JJ¡ *ivãi'lrer¡1oo rHÀT (¡,r) = (iJl3ro'rHarlir¡'-

NOI{ APPT.Y T}IO S?ÐPS Or ACTf EE"RGf S ¡f ElTiOD.

FHÄr ( 1) =FIlI {31 
- 

{FHÂr {2) _¡irÂr 
{ 1) I /1sFHAr (2) =FI11 lll + (FH.Ar i:i-¡nar<zí íi;;FHÀr { 1) =FIIT !? * irHsr izi -rHl ii1í íiàiRESTJLj=FH.AT (1)

RETU R N
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FORTR AN

000 1

0002
0c03
000 4
0005
0006
00 07
000 s
0009
001 0
001 1

0012
001 3
0014

rvG
FC¡T

!çgP!E PREcrsroN FUNcrrcNrrrpr,Jcrt REAL*B ir:u,'õläi.'
¿ r-t.if
l2=T E +TJtU

:lrl cooRD {T1 ,BE,cx,cEsï)
X1=CX
P SI 1 =Cp *c.r

llr_L c00aD {T2, Ð8, cN, CPSI)
X2=C X

PSI2=CpSt

:::J lllcos (PSr2-Psr 1) +*2-
I:I:_!_= Brx (x 1) xnrx 9.27 *þ2
RETIIR N

END

FOR?RAN TV G

000 1
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0004
000 5

_Fr-x

ÐOUBIE PRECTSTON FUNCÎÏONr¡rprrcrr BtAr*B ia:n;õ:zi"+)ft>lct**

BFX=X ** 1-3)

* *vr*.+ *
AETUR N

NND

FOFr (TEr?aurBEJ

c
c
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c

1 'llz

BFx {x)
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FORTR JIN rV

0001
0002
00 03
o004
0005
0006
000 7
0008
0009
001 0

001 't

0012
00 13
001 4
0015
0016
001'7
001 I
001 9
002 0
0021
0022

0023
0024
002 5
o026
0027
0028
0029

G ccoaÐ

suB¡¡oyTINE_ coon D (T, BE, CX,Cps ï)I¡IFLICIT RT]AL*B(À-ú, O-ZI'- 
_'

REÀ1,*8 x (101),PSr (101)
ccM¡,toN_ //¡REA 1// x rps I, TNOT, pHI
îSIGi\=.! .D0
ïF{ T.ryT.DABS(T) ) TsIGN=-1,D0
T=TSIG N *T
II (T.GE.5.Ð0) co TO 100
FN.=20*T+l
N=FN

c ouÀDRÀrrc INTERpctaTION, FIRST FOn x {T)y2=X (N)
y3=X (N+ t)
IF (N. Eg.1) co T0 1 1 5y1=X{N-1}
co TO 116

115 y1=X(N+1)
116 CCNTTNUE

¡= (Y3 +Y 1) /Z-y2
s= {Y3 -y U /z
C=Y.2
XIi=FN -N
c x_-À *xH **2+ B*XIl+ c
ïNTEArcr,A?E F,OR FSI {T)Y2=pSI (N)

C NOI,I

T3=FSI (N+.t)
ïF (N. E0 . 1) GO TO .i17
y1=pSI (N-t)
cc T0 118

17 y1=pSI (N+1)
18 CCNTTNÛE
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0030
003 1

0032
003 3
003 4

003s
0036
00 37
003 I
003 9
0040

¡r- (Y.3 +Y1) /2-y2
B= (y 3-y 1) /z
c_-Y2
CpSf=A,fiXH+*2+ B*XH+ C
GO 10 150

ASYI'lPTOTIC RESUIT
100 9I:tsQBT { {'r-rNaT} x*2+BE**2

CpS I= pÍt r-ÐÄRs IN {B'E/CX)150 CCNTI NI'E
C pS I=TS fGN*CpSI
AETT'II N
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FORTRAN IV G

000 1

0002
0003
00 04

000 5
0006
0007
0008
0009
001 0
001 1

0012
0013
001 4
0015
001 6
001 7
0018
0019
002 0
002 1

0022
002 3
002 4
002 5
0026

c
0027
002 S

0029
003 0
0031
003 2
003 3

003 4

OfiBIT

ï HBi?8ii 
-f;,if,iü 

ij :å; å:1,
REÂr,+s ]rf]g1l , psr (t in)
ccû1¡1ON /AREÀ1,/ xTPSITTNOTTPHïc FIRST TNTEGRÀÎE THE òneir out ?o r=5 " sroRECAI'L TURNIN ( tjE ,rI"lrx¡rrt{) ,

X (1) =Xi'tIN+Z.D_g
PSI (1)=0..00
TX=X (1)
TSI=pST (1)
H=1.D-2
DC 100 K=2,21
DO 105 J=1r5

1O 5 CAI,I firy NG ¡ (TX,TS T, BE , T¡. H}
X (x¡ ='¡X ' -''

100 PsI (K) =TSl
H=2.50- 2
DO 110 K=22r41
DO 115 J=1 t2

1 15 cÂtL RilNcE(TXrTSI,BErrrrB)
X (K¡ =1x

110 PSI (K) =TSI
H=5, D -2
DO 12Q K=42t.101
cALL nUNGE (iX,tsIo Bn îEE aH)X {r¡ =1X

120 PsI (K) =Tsr
NOif CCI'IPUTA THE PArÀ¡'ETERS rON THE ASÏHPTOTICTNOT=5,0{J-DSQRT ( X (101) *+2_Uf".;-;"

BX=X ( 10 1)
XDOT=F.U NC (E X r BE , EE)
VE=DS QnT { X¡Ot* *Z+ (BE/E.¡) +* Z }THBTA =ÐARCOS { XDûT,/VE}
PIJI=P5I (?01) +THITA
RET{¡R N

END

THE RESUITS IN STEPS OF O.O5 .

REGTON OF THE O"BBTT.
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FORTR AN TV G

0001
000 2
0003
0004
000 5
0006
0007
000fJ
0009
0010
001 1

00't 2
0013
001 4
001 5
0016
0017
0018

SUBROUTINE RUNG
IT',PtTCTT FEAL*B
EX=TX
XKAY 1=H*FUNC (EX, B[? EE)
PKAYl =t{*BElEX**2
nÌ=TX +X,KAY1/z

:ftT?=rr *F uNc (Ex, BEll E E )PI(AY2=H* BEt/EX**2
EX=TX+XKÀyZ/z

I5lIl =H*FUr{c ( EX, Bn, I E)
P KA y3 =H *BÐ//EX*r(2
lX=TX +XKity3

If tTl =H*F uNc (Er, BE, Er)
PK.AY 4=HtrBE/E1latr2
rì =Tr + (xKÀy1+2*rKA y.2+2*xfiÄy3+xr :/iy4t /6T sr=T sr+ (px¡y I +2+p¡1¿ t Z*i*pxay: _ti¡.y 4;i 6fiETURN
rNÐ

RUNGE

9JTI,lSr,BE,EE,H)(À-H?o-z)
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FORTRAN TV

0001
000 2

u

000 3
0004
000s
000 6
0007
000 fJ
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cnaptgn k

the previous chapte.r' we considered the collision-lnduced IÍght
seattering by a pair of molecules, neglecting the internal d.egrees of
freed.om of the interactlng nolecules. ïn this cLaapter we will consi_der

the way in nhich higher order polarizabllities can lea.d, to a rotati-onal

Raman spectrun from corriding, opticalry isotroprc mor.ecules. ** ;;
anism we shalr- present is essentially the resurt of the work done by

Buckingþam and Tabisz ¡rl

?o begi-nr let us consider the fo]rÏn of the interaction of a no]ecule

with an externally applled field. Ë an¿ its gradient Ër., ,nu first few

rnultipore moments of the morecule in the applied field are¡

/,^.4 = Á) * %rf + à pop,trr r,t + 
à/orpxs t rr \ * ...

@ap = @ü

+ + oryr "ix + * 'opr ø ,í!us '*' ..,
+ A*ÉlFy {' ..+

-yr= -alfr + uopls F +

represent the

the molecule.

permanent dipoì.e,
rhe terms t*' , eJl, "r,u _{,
quadrupole and octopole moments of The term þ is the

usual linear dipole polarizability, while the t,ernrs É.r, , l*t, , ¡, . 
G

which nake contributions to the

linear in the applied field., are

induced dipole moment Fq that a:ce non-

called the hryrerpolarizabiÌities. Just

120



as the d'ipole porarizability tensor gr.p,: 
ffi' detezrnines the dipore Ín_

duced in the molecule by the applied fie1d. Ë, tf,u quadrupole and oe_.

topole lnduced. by the field Ë *" d.eter¡nined. by the tensors Ân 
o¡

two tensors. The tensor A is called the

lty and. E is cal1ed the dipole-oetopoletlå

tipole expansÍ-on, in fact, extend.s to all
and its gradients.

Ïn our previous discussion of light scattering we onry eonsid.ered

the terms n"pù, but nor^r Ìre wir.l consider the terns of the multipole
expanslon including the permanent ¡nonents aìr¿ the tensors $, å *d g .
But we are only considerin8 collision-induced scattering fbom opticalry
isotropic molecules and this results i-n some simplifications" F,or mol_
ecules of tetrahedral 0r highen symmetry the polarizability tensor is
cornpletely isotropic. r{ = [l( ç'ropic' xo,u = x ònp . For tetrahedral nor.ecules the first
non-vanisLring pe:manent nultipole moment is the octopore mo¡nent and for
oct4iedral nrolecules it is the hexadecapole ¡noment, For molecules with
a cent:er of symmetry (s'ch as octahedral mor-ecules) the tensor A arso
vanishes. Thus the murtipore monents of tetrahedral and octahed¡a1

¡nolecules 1n the applied. field Ë, to our order of approxiraation, wiLl be¡

,, jlrr:_j::2:::_:j::j-..;:.j::1r..ì:::.!;j:-r,-:::ri:..':.::._.-. -:-.::,r r..a:. -r..,.i. ::.

rzt

a¡rd. . nî'* ö,<pl6 = å
of the field. F/"fl

. The induced. dipole also dþpsnd,s on the grad.ients

f
= ãça-E¡rg ' throush the same

dipole-quadrupole polarizabil_

polarizabÍlity,? The ¡nul-

orders in the applied field



x b* vu + + ^ry,, 'í, + # Eupts ,lr,
Anf t F¡

dÌ,,
nolecule, and.

o( 51É ,p

for an octahedral nolecule.

Now let us conslder the lnteraction of a palr of id.entical
tetrahedral molecules¡rith.a unlform externally applied. fleld Ë,
The ¡nultipole noments induced on the first molecule w111 be¡

(,)
'l^n = o)o( åu^ Ð

tr)
'4f 'F

@.{É = "'o*, F¡,
¿t)o 

- (i) nto) olt'olt| = lLxi?l *Ønoptt rîg 
o

Just as in the DrD ¡nod.el prevlously discussed, the fields of the ln_
duced dipole, quadrupole and. oetopole on the first nolecur.e w111 ln-
duce an additlonar dtpole mo¡nent on the second. norecure, [gnorlng
the octopole te¡:ns the total induced d.ipore on tl¡e second rnolecure

¡vill be¡

t'H r,. = (Ðo l:.:t'

122

ßa

@"p

9ryr
for a tetrahedral

þta. =

ô=- -ryí

t"rtt F6

+ È Eoprt F'hs

nhere T- qf't

E *ft| F6

Fc( *(4o.,ro<É

++ @)onfv (rb¡¡

vx r*l .

n'^o - * *u, u'%, 
)

'"tr, "- t ,,,0r, t"@r, 
)

= Vo. VÉ
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For example;

T = à l- ,1.'nf = 
-0"ã+ 

(Ë) = (3nnnr- Rz S^F)o-5

and ,"pt'nfis the field at the site of ¡nolecule 2 due to the
d'1poIe "rr * rnolecule 1. sfunilariry, the total induced dlpole ,.,,r;,.,;.

:

on nolecule 1, to first order, wil1 be
o'*o 

= uL rk + Q)o ( rnpb,AÊ * t ,nrr ,rrru, 
,

I (¡ ) , _ (tt t t^ ,l', ,',,- 5 '''Aqft (?yraru, ++rpúirnrrr, ) . ,,

lr',' , ,i,., .The pair polarizability is given, to lowest order, bys ;'.;.i',' ,'

o*to = o''4^ = +* ( uL,, * L^r,4n 
)

'nEaf + rotr# *** rnïE ç@)dpt:_r,,orrr)
. + x Tpt6 ( (2)A,,y6 - t,)¿ 

o,üá )

- + rt6'n ( ('àøy¡ n'oorn &nrro'o urn ) "tf the oetopole ter:ms ¡rere Lnclud.ed n terms fnvolving E would appear

'n 
the expresslon. ?he permanent octopole ¡no¡nent r¡our.d however, onry

contribute to the polarlzabllity through terrns lnvolvlng the h¡rper- f ,.,1,r,,i

' ,. : ":-:_-::polarlzabllities ¡{t¡lch ¡,¡e have negJ-ected.,4 :1:,"-¡,,,',','

The polarlzabirity tensor .,* of a tetrahedrar norecure is com_

pletely specifled by the orlentatron of the rnolecule and, by a single
parameten A' The usual rnoLecule-ftxed reference fba¡ne has the central



''t"." ". :

w4

ato¡n at the eenter of a unlt cube wlth the eorneï atoms of the
tetratredron at alternate corners of the cube. the orientation of,

the nolecule-flxed. referenee fþame wlth respect to the space_fixed.

reference frane ls speclfied. by the unit vectors ì, i, ì ¡rhicÈr rie 
-,,,,,:,;;,

along ttre x, y and. z axes of the ¡norecure-fixed. franne. rhe teusor

;|, i" glven in ter¡ns of the cornponents i i Lponents ixrjo.rkr. 
"",

AnrU = 
^ lt-+kt * raJ¡7 * rpjr,t + trjnrr+ ryjnþ * ryrf-^ l

The scattered intenslty is given as usual by the e4presslon¡

*å= (þ4 Ào\p \, \, a¿,,\ ukn)

rùere the average <
mo1ecu1eindiv1dua11yand.overa11or1entationsofone¡no1ecu1ere-

latlve to the other, substitutrng the o,¡çr,orp d.erived above ar¡d.

perfornrng the average r¡e obtain tl¡e foll0wing results¡

( xt*) = f ,"r'. j rfftot r-6

., q)(E)(o<e)z ,-B* (WrWAtlR-10 
]

(xtuu) = 
lr#rc<4 n-6 * 

"(ys)(xa¡z *-a

.WÂ4R_10 
]

The ter¡n in *-6 ," just the first order DfD result.
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The tensor å 1" also speelfled. by a srngle pararneter E

for tetrahedral and. octahed.ral ¡nolecules, fncludlng terrns lnvolvirrg

* in the pair poLartzabillty res-ults in ttre following a.dd.itional

eontributlons to tt¡e ¡nean square polarlzabltty,

("lu) = r(#X+)(xn¡z ¡-lo * K1 u4 ¡-12

*rzfn-E r( afu ) = t(SX xe¡z ,-10

The coeffieients of the terms ln E4 have not yet been deterrnlned

but we nay estlrnate that the ratlo of the ,coeffÍcients of the E 
t+

and' (o(n)z terrns ls the sane as the ratlo of the coeffr-clents of .;

the A4 and (xa¡. terîns. By thls ¡neans we arrive at the estlmates

Kt = 21 and. K, = IZ..

rn ad'ditlon to the orientatlonal avera€ee we must a*erage over
the inten¡olecular separation R. This average wll1 have just the
sane fo:m as tt¡e R-integral in our expression for the zeroth noment¡

r@(rtnl) = 41T- I uo *z ;rtù/xr r(R) o/o

A lennard.-Jones 6-12 potential ¡rith €/l<y = g.JZ is fairt¡r represen_

tative of the intermolecurar potential for the r¡olecures we have stud.ied.,

Ìfith this subst,itution, the integrals nay be evaluated to give the
followlng result r""(Ç; ,

( o,,l > = 4rr 
[r#, * @.rr5) * z(E)$,o.rrul
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.W;# (0.26r) * ,r#l 
$ ro,ror) + ,r#ro.2oo) 

]
The values of A and' E nay be approxinated'uslng the bond.

polarizabil.ity ¡nodeL ' in *rr.h the ¡nolecuÌe Xïr, is rqlresented by
n anlsotropically polarizabre groups, each one ä¡rmnet¡ic about rts
XT boniL d.irectÍon,5 ,n" results of this nod.el are¡

l=$(c*r-oL) no

for tetrahedral nolecutes and.:

v = 6(ur- ot) Roz

n=-f{u,¡çnoz

for octa'edral norecures, wtrere (*,,- x¿) ,is the poì-arizability
anisotropy of y and 

,Ro is its d'stance fron the center of the
molecule. Based on thls nodel, the forlowing estf.mates nay be mades 

6

oaru = !,2 oA4

oa"u = z.z "At+

o*, = oåþ EsF. = zo i5b

Using the vaLues Í= j,BZ "l and. o(= Z.en ij, we nay caleulate the
relative si-ze of tl¡e various terms rr4Ç¡ for cH4 , thus¡

x 1O-2 + 6.1 x 1O-4

1o-4 * j.Z xtt-, ] ,

ta*u --L,2 Ã5

tatu ='z,z "A5

<&) = +n 
fr.o, 

+ r.r.

+ J.hx
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nhere the tems in the su¡n involve 0lr, (o,o)z , AI, (xu)z
tL

E ', ln that ord.er, The contrib,utlon of the te¡ms involvlng
E to the total lntenslty is s¡nalI compared. to the DrD C #l
trlbutlon, and. the contrlbution due to the tensor E is ¡nuetr

than that due to A. 
'l¡ìü

a¡¡d

A and

con-

smaller

¡ve r¡ust

pair.

: rh" carcu'atlon of the spectrar distribution for collislon in_
duced' rotationar scatterlng ts anarogous to the quantu.ur ¡nectranieal

calculation of the spectn'n of the d'atonlc rotor, except that
now consid.er the rotational states of the two molecules rn the
the transition probabilities are given by the nratr'x ele¡rents:

t

I <rå, ,rà ,l u,o%, 
| ,r,rr) It

Jf,Ji represent the

the rotatlonal state J

r¡trere O.,ù* is the palr polarizablltty and.

inttlal and final state of the i_th molecule.

has the normalized symnetrie top wavefunction

nflfrnl

r¡here DiK('') is the l{lgner rotation natrix. ? The quantun numbers

¡n and K atre assoclated witl¡ the projection of the angurar nomentun

J on the space'fixed an. ¡r¡olecule-flxed z-a)ces, respectively. The

Euler angles rerating the space-fixed. and. norecule-fixed franres are

2J+I

8t(



represented, bI¡ -O_.

fza,bility is mltten

contrj-br¡ti.on:

jr..:¿j,ij:,r.ir..ai¡I-r¡{,.:-ravi1".ü/-,:1,!.ri";,r.;:?ì.|i11:¡,:, 
7,i*;ait11,{¡i¡t¡"iiiüj!¡l;:::ìifi,..i:!;;}$t,Å

]t28

?o evaluate the ¡natrix elenents, the pair polar_

in spherical tensor fo¡:n, I,or exanple, the

.¿
glves rise to a

fro¡n r+t¡ich one obtains

AJ.=O," AJ.=r r - J)

å"çu P+rr - "'orro) * åu,,¿¡ Éì,,x; - ,rL*us 
)

rnatrix elenent of the for¡n¡

('i 'å I ,;ä(rrt - nlirrnrl 
I ,r ,r)

the selectlon rules:

o,*L,x?,t3 r¡"Jj > 3. . ,

these transittons involve changes of rotational state for one or the
other of the molecules ln the pair, since thls term of the porarlzabiSi.ty
lnvolves the tensor A of elther one or the other of ttre rnorecules"

s*¡l.arily, the t"* iîthe pair porarizability invorvirrg products
u'* u'å wtll give rise to .ouble rotatlonal t*.nsitions since ít con_

talns tt¡e tensors Â fa¡ trarL -^r - -rs å for both ¡nolecules. proceeding in this fashlon
we may obtain the selection rrrles for transitlons correspondlng to
eacl¡ ter:n 

'n 
the palr polar1zablllty. The selectlon rules coreespondlng

to the varlous terms in the nean square polarf_zability <o(2> ares

AJ, = 0 AtJ = 0t*,Ir*l?rti 
J 
J+Jrj >/ j

for the ter¡a in (w)2,

AJi = Qrt]-r+Zri3 ÁJj = 0rt1;È2;É3 r{ri> 3 J j+J'j >/ 3
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for the tern tn A4 ,

AJ, - o Otj, = or*Ir*z ,*)rxt+ J¡*¡j ) l+
vv

for the te:m in (xr)z , and

AJI = 0rt1,t2 rt3,t! AJj = 0,*1rt2 ,t3rfb JfJi>/ t+ ,j*rj ), I
for the te:m in El+ .

lhe intensity of the transj.tion JtrJ2+.ll:iå f" proportional to:

T Qr,t",Ií,rà) = ,S (z¡i+r) G¡ft)(zrå*,r) p:¡r+q
c

x exp(_n( q)/xr) exp(_n(.r2 )/t r)- t _--5 \ !\uz rr.LL I

, 
ntrere ñ 

"* = ã% - [E(ri) - n(,r1) + n(;j) _ r(.r2) ]:,i
and E(.r) = .l(.i+r¡¡ . .

Toobta1nthespectra1d1stribut1onfbomthese].ect1onrulesand.
vv¿vrt ru.Lg$ anC[

the erpression for I.(¡r ,JzrJlrJà) , we compute the posi.t,ion aod rg-
latlve lntensity of all the speetral llnes aristng fbo¡r a givea terrn 

l

i,''.

, 
of <x2> ' and' then norrnalize the lntensities of these rÍnes so that ,,,,,

the sr¡n of their intensltles a€rees with resurts obtalned. in section ,:.'

4'1 for total intensity. Finally, we must remember that because of the
ldependence of the palr polarlzabllity on the internolecula¡ seluaratf.on

r -::. . _.

: n' each llne will be broadened by the transrational ¡notion of .tbe r¡or- 
.l ' '

ecules in the paf-r. The patr polarlzabillty contributlons govæning

the rotatlonal- scattering fall off faster with R than does the DïD i



Lso

contrilrutlon, so that the spectral wld.th of each rotatlonal ,,line,,

wlrl be at least as great as the wld.th of the DrD spectnxa"

lhe collision lnduced rotatlonal speetrum for CH4 nay be ca1_

culated uslng tt¡e sa,ne polarlzabllity paraneters as were used. in the
preceeding section for calculating t}¡e total lntensity, The spectral
Il-nes are broad.ened. to the same wid.th as tl¡e DfD spectrun. The spectra

, 
ut" to eact¡ of the tenns (oU)Z , e4, (un)z ana n& are graphed. Ln

Figure lr1' the su¡¡r of these contrlbutlons glves the total collision
'l-nduced. rotaiional speetrun for CH4 and is plotte¿ in f,igu¡ e rt_Z.

\

llhtle only classtcal nultipole interactÍons have Èeen consldered.

In computing the collision-induced rotationaL scattering (CïRS) spectmm
all the add'ttional mec'anisms d.iscussed. ln the context of the DrD mod.el

ln sectlo n 3-r rnay mod't'fy the molecular pai-r polarizability. /r short
range angle depend.ent interactlon of tt¡e electron overlap t¡pe, for
example, would result in the sane seleetron n¡les as the nultlpole
l-nteractionsr since the selection nrles are essentlally d.etennlned by
the ¡nolecular s¡rlnnetry. The spectral d.istribution of tt¡e cïRs spectrum
ls ln turn essenttally d.eter:nined by the selection rules, Âdd.itional
contrlbutlons to the palr polarizability r¡ould, chiefly af,fect the total
intenslty and onry secondarlly affect the speetral dlstribution of the
CTRS speetrum.



FTGURE 4 - 1

The CIRS Spectra of CHr,

$

Due-to the Terms ( ort)z , A4 , ( o< e)z and

The CIRS spectra d.ue to the terms ( oCt)z. (soIid. line) , A4
-?tL

(dashed line) , (Xn)- (solid line) and E* (dashed line) pro-
duce successively smaller contributions to the total CIRS spectrum.
{s usual, the intensity scale is in units of CIS scattering cross
section per unit frequency interval (r cm-l) divide. by the scat-
tering cross secti-on of the H2 s(l) transition und.er the sane con-
ditions, ¡ùren both gases (H, ana cH4) are at unit d.ensity (1 nole/
Iiter. ) rrr" individual lines of the crRS spectra have been broad-
end using the function e:p( - # ) , rt'nere tÐo= I5.5 

"*-1 i" th*
sane as the decay constant in the ll"8hry exponentiar translationar
CISspectrum. ThevaluesA= I.2"A4, E= I,Z15 and, B=5.Z5cnll
have been used. in co,mputlng the spectra. The first, 20 rotational.
states have been consid.ered. in eornputing the spectrun, a¡rd the nurnber
of allowed transi-bions originating from .Lhese 20 s.bates are:

256L

L6385

320r
2560r

(f'or CF4 and- SF6 at least the first 100 and. 1ll0 states, respectively,
nust be consid.ered in computing the CIRS spectrun. The nuinber of
transitions involved is prohibitive unless only e.very 5th of, ?th
state is considered, since the number of possible double rotatj-onal
transitions increases as the square of the number of states included. )

single A transitions
Çoub1e A trangitions
single E transitions
double E transi-tions
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F"IGURE 4 - 2

The CIRS Spectrum of cp,

The four components of Fi-gure 4 - I have been suruned. to g:Lve
the total crRS spectrum of cH4. The spectrum is determined chiefry
by tlre A transitions, even in the far tail, for the varues of A and. ,,..,,

E uhich r.re have assumed..
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NoTES AilrÐ am,Enu{cEs

The theory of coll_ision_induced rotatlonal Raman scattening is
presented in3

'A' D' Buekinghamr G. c. Tabisz, 
'ptícs 

Letters 1, 220 (LgI?)
A, D, Buekingþanrr G. C, Tabisz, MoI, ¡¡y, , 36, .5g3 (Lg?g)
A, D. Buckinghamr Adv. chern. Ihys, 12, tOtT (7957)
The tensors ,*, A and. E are I-_----- ¡r,'. we 6 __ 

'enned. 
the dipole_d.ipo1e, d'pole_

quadrupore and dipole-octopole polarizabirities beeause the
quantum nechanlcal expressions for them invorve (rQ(+) ,
<"ò (? "r) and 1'-ÞGf I =) , respecrively;
(q*) 

' ("a 
"p) and (r^ tr "tr) are the dipole, quadrupole

and. octopole transition ¡noments,

ñeht scattering arlsing frorn the interaction of, the hyper-
polarizabirities wlth the permanent multipole moments has been
shown to be negllgible ins

A. D, Buckingham, G. c. Tabisz, 
'ptics 

Letters 1, z*o ('g??) .
A, D. Buckinghamr .Adv. Chem. phys. 12, ]}A? (Lg6?)
A. D, Buckinghaflr G. C. Tabiszr Mol. !hys. 36, 5W (fg?B)
For exarnple, see Chapter 1? of¡
G. Ba¡m, r Benjamin, london r .Lg11, .

í
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clr¡prun 5

5.1 The Ðcperiment Design

the experiment consists of sending a beain of light, generated by
a laser, through a sample oÍ'gas an. rneasuring the ifitensity and spee_
tral distribution of the light scattered. at right angles to the beam

direction using a diffractlon grating spectro¡neter,_the plan vlew of
the apparatus is presented. in F.igure 5_1. since tåe light is only
weal<ly scattered' by the sannple, the d.esign of the experinent, is mainly
coneenned with ensuring that the scattered ligþt is bright enough to
measurer To understand r+hy the scattered light signal is so weak, we

l¡111 folrorv the path of the light in a typicar experÍment, startÍng at
the laser.

The beam from the .r1,r - 1on laser Ís di:cected. to the sarnpre ceII by
neans ofa senles of glass pri-sms, The polarization of the beam is ro-
tated to the correct orientation and any extraneous polarization compo_

¡nents are removed by a co¡nbination of half-wave plate and Nicol prism
polarizer.l Finally, the beam is hrougþt to a focus inside the sarnple

cel' by rnean of a lens. By the time the beam has been transported,
polarized and focussed into the cell, it has traversed 20 air_glass in_
terfaces' Not r^rithstandlng 'ühe fact that all the surfaces have been
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FTGURE 5 - 1*-_-+=_

Top View of the Errno.riman* n-^,* t l¡o ^ .-

1) The othe¡c parts of the apparatus are fastened to the sr.*faceof a honey-comb core steel table (B inches thick by k feet by Bfeet, weighing about 400 kg). Trre s,rface of the table has thread.edholes on a f i-nch sguare ,gird HrÌich facilitates mounting of parts.lne table nay be fLoated. on g inner tubes for,y16¡"¿ion isolation
and provides a rigid. base for all the other ô,omponents,

2) The light beam scattered by t,,,e sampre i" gårr""u.ted by an Ar-ion laser (built by coherent Radiation. ) rne lasur nr= *i"r* ,r,the resonant cavity to force openatio' on only one line, usuallyUU:o.Á, 
1na 

the specrral wid.rh is abour o.r "*-i.'';;J*,r,î"r_puf is about 1 I'¡a.tt at 30 Anrperes tube current (the por{er supply ismounted und'erneath the table. ) part of the beam is sprit off at (zb)and' used to monitor and. regulate the output of the laser.

3) The beam is directed. to the othen end of
by prisn (3a) ana tno prisins at (3b) whictr are
translation stages.

Lt') A half-wave plate is used
the bea^ln, followed by a Nichol
polarization conponent. These
angular steel optical bench,

!

the table and steered_
¡nounted on orthogonal

to rotate the plane of polarÍzation of
prism nhich :removes the und.esired.
parts are mounted on a 1.0 netàr tri_

_tt

5) The sample ce1l assembly is ¡nounted on
The beam isreflected vertically upward by a
a 10 cm focal length lens placecÌ just belol
for filling the sample ce1l ís eontained in

the optical bench at (5a).
prisin and is focussed. by
the cell. The equipnrent

the area (5b),

6)

and

The

The collection optics are nounted on a 0,5 meter optical bench
image the source region onto the entrance sr-it of the spectrometer.
20 cni focal length collection ancr focussing lenses are ¡nounted. on
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FJGURE 5 - l_continued

transrating stages to allow the image to be focussed and. steererl

Filters and polarizers may be praced in the collimated. beam be-

tween the two lenses, as required..

7) the spectrun is scanned by a tand.en Czerny-Turner (subtractive
dispersion nrod.e) monochrornator buil.t by Jarrell-Asl¡. The tr¡o nono-
chromators a,:re mounted. one above the other and the light path in the
second. monochro¡nator is the same as ln the first, but in the oppo-

site d.irection, The focal length of the monochromators is 1.0 rn

and with 102 mm square grat,ings of 1180 lines/mnr (Ulazed at 40OO å)
thediffraction li¡¡ited resolutlon is about 0.3 cr-I. The light
path goes fbon the (a.djustabre) entranee sLit (7a) to the collimator
nirror (7b), the gratine (Zc), the carnera mirror (?d) and, then is
refrected ventically domward through the intermediate slit (?e).
Thereafter¡ the light retraces its patJr in the lower rnonochronator

unt1I it is finally defrected. to the exit slit (?i). The spectrum
is scanned. by rotating the gratings about a vertical axis using a
stepplng notor and a cosecant-bar linkage.

B) The light ernerging from the d.ouble monochromator is focussed. on

to the photocathode of an RCA c1,ro3lphotonultiplier tube (the con-

bination of the d.ouble monochronator and. the d.etector is called. the
spectrometer) rvhich is mounted in a refÞigerated housing (Ba). The

refligeratolî conpressor, condensor and temperature controller
(evaporator pressure regurator) are mounted at (Bb)" The c3lo3¿l pur

has a (negative electron affinity) GaAs photocathode ¡¡ith a high and

relatively constant quantum efficiency throughout the visible spectrum,

9) The e4perinrent is run from this position¡ the controls for the
laser, the spectrometer and the elecronics are all within reach,

10) The electronics are rnounted in a standard 20 inch wid.e raclc. They
consist of an amplifier and. singÌe channel analyzer for processing
the PMT pulses, a multichannel scaler r,¡hich coun'bs the pulses due to
photons at the selectecl freguency shift and a cl-ock for synchronously
ad.vancing the stepping drive of the spec'broneter and the address of
the multichannel sca.ler.



rô(\F
I

6cr'
l------>

-------+
A

 
-L'

iç'
-oc.¡

E

-

õtt+l',Irtu
r.\

f$"



',: r i,: / ;i i r 14¡ :,: / tl.:..i' :.:.:t:l:¡::;j¡::Ët,j3;?iii-t\rArt,ii:l

12/L)v

anti-reflection coated, the intenslty of the beam is onry one half of
lts original value by the tine the beam has entered. the sa^mple - the
sample is typically iJ-luni¡nated. by a power of J00 nW or ?,5 x IOI?

photons/sec at a wavelength of 4gAO Å.

Focussing the bearn serves to natch the wid.tl¡ of the seattering re_-

gion to the width of the entrance slit of the spectrorneten. Difflaction
rnakes the focal regi-on of the beam take the fo:m of a eylinder. The di-
arneter and length of the d.iffbaction llmlted focar cylinden for a 3 mn

d'iameter bean focussed by a 10 c¡r focal rength lens wirr be:

d=2.4trcål=

1=16 )ê)2='D-

rn faet' the focus is nowhere near being d.iffraction Ìimited. because of
the lens abe*ations and, the wavefront d.eformation caused by pa-ssage

througb 20 air-glass interfaces and oblique refrection at 4 suefaces. The-._
actual di¡nensions of the focal cylind.en are about 0.2 mn d.ia¡neter and 10 nm
-2long .'-,

The light seattered by the gas Í-n the focal region is corrected- by

a lens and. an image of the source cylinder is formed (with trnit rnagni-

fication) on the entrance sLit of the spectro¡neter, The wavelength d.is_

persiòn of the spectroneter ln the plane of the entrance slit is $ =ds
8'26 ur'/nw the *equencv d.ispersion is *g= - c*r .,)z = 33.a4"*-vrr*
(30'3 ¡rr'l"*-1¡ "t À= 4ggo i. thus, a spectral slit width of 3.0 cm-I

0,040 n¡n

9 m¡n



corresponds to a physleal slit width of O.0p0 nm, l¡hict¡ ls about half
the ridth of the inage of tt¡e source cylind.er, Since we ¡+111 not use
a spectrar slit rldth greater than J.0 *-r, the entrance slit r',r
always be frrlly lllumlnated. but at reast half of the light ,,.1r. be
wasted. Havtng the srlt na*o',er than the spot of lrsrt does reduee
the sensitivlty of the epparatus to nlsaligrunent of tbe colrecÉ,1on
optlcs Hhich partlally conpensates for the lost light,.

the nindows of tl¡e sample cel1 rlmit the fleld of vler+ to at rnost a
dtaneten of B m¡n in the plane of the focussed. bea¡n and, the edges of
thls fleLd wi1l be alnost totally r,ignetted. , A s¡n¡n dlameter, nnvig_
netted. field of vlew 1s selected by restrlctlng the height of tF¡e en_
trance sltt to 5 run.

The solid angle oven r¡t¡ich 
',ght 's 

collected. ls also limited by
the spectrometen' the,anerture stop of the systen is the 10,3 ç¡¡

square dlffraction grating, orlented at IZ.So to the lncldent ï1ght
for I= 4BB0 t' The foear length of the corrr¡nator mir^ror J_s r00 crn,

so tåat the aperture of the system is (0. tOZlZç0,gg) = 1.0? x lO_Z
steradian (or f/g.g r*ren expressed as an f/no.)

Now let us calculate how muctr llght is colrected by tlre spectroneter
l-n our eq>erlnent. ?he probabillty that a photon travelllng a unrt
dlstance 1n t're sample w111 be scattered lnto a unlt solid angte abouù
a speclfied d'lrectlon is grven by the seatterlng cross sectlons

r#)*= þ+ t,4rø@ .



For our t¡rplcal experlnent we

stty of l,J nokeftiter (about

the value ø@) = S:r,5 å9, ana

scattered intenslty because of

pen unlt volume is:

¡+i11 take ttre sample to be Ar at a d.en_

lJ atnospheres ar roon tenp€trature,) Wftir

allowfng for a 10 percent reductlon in

three-body collistons, the cross sectlon

( 2''rr ^ a

4.88 x to- h)

3,4 x ro-B lt-l

zÈ)O,þ x ro-8 m-l ,sterad

x (?,5 x lol? photons/sec)

(*ã)* = lL'L lÃ,5
152 \- )' (0,9)(5t,s * ro-90r9)

6oz y 7s23

stenad.-l r

Taklng into account th'at, two lnd.epend.ent polarlzations (ttv an. HH) are
being observed' and' that the sor¡rce image is tnice as nlde as the openlng
of the entranee slit, the numben of photons which may be collected is

-1 ^*)(5 * t0-rnr)(1.02 x lo-Zsterad)

= 1"3 x 1CI6 photons/sec 
s

However, not a[ the photons uhich enter the speetroneten w'lr even_
tually be d'etected. After being scattened., each photon ¡nust traverse
12 ab-glass r-nterfaces (with an avera€e trans¡nlsslon of 98 pereent)o
be reflected frorn B alurninized mirzors (wlth an average reflectrrr;
of BJ percent) z gratings (wlth indlvldual effieiencles of ?B per_
cent), and. flnally knoek an greetron out of the photocatlrode of the
deteetor (with the ovenall quantum efficleney for the photocathode

and the signal processlng electronlcs belng Ì3 percent) before lt ts
actually detected' The overaLl deteetion efflciency of the spectrometer
ls just:



r39

(o' gÐ]2 (0,85)8 p,?e)z (0,13) =

collecting 1.3 x lO6photons/sec allows

, (1,3 x ro6¡ - Ì.8 r lo4 counts/sec,

0"014 count/photon, so that

us to detect only (1.4 x 1o-2¡x

our originar intent was to measure the qrectrar distribution of
the scattered light. For smaIl frequency shlfts, the Ar cor-rision in-
d'uced' spectrura wilÌ have the approii¡nate . d.rstributlon . r (eu ] =

A 'lP(- løl/tz "*-1), so that fiaction of the photons which witl lie
within the J.0.*-1 p""" band. of the spectroneter is approxinatelyg

($) ä ,*1-lut/n"*-r) .

e slowly with¿tJthan the exponenäial, both

for ûJ<5 cm-land for large frequeney shifts, Taking into accouat the

spectral d'istributi-on and the band pass, we find that the sígnal at .the

peak of the spectru¡r ts r-600 counts/=ec r¡hile at a fbequency shÍft of

may note that the back:

ground' count rate of the photomultiplier tube used to detect the photons

is 0'6 "ot*t/"u"'í' Thus, the accuracy of speetral neasurements at large

fbequency shifts will be linited by the noise in the backgro*nd count-

rate and by counting statistics for the signaì- photons (since the photons

a¡rive randomly in time, the uncertainty in the number of phot,onsr Nr

rvhich will be counted in a fixed time intervar is , ål rt is for this
reason that maxinrizing the scatt,ered light signal is one of the ¡nain d+-

sign objectives in the experi_rnent.
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row frequency spectral measì.rrenents neet with a different problen,
whose solution is incompat'ible with the objective of maximizing the sig-
nal at large frequency shifts. The problem is that, superimposed on-,lhe
CIS spectrum at zero frequency shiftr there is a strong, narïo¡+ line due
to so-called- "stray" light 

,., wrrlclr originates fron Rayleigh scattering
and fro¡n light scattering by d.ust particles. F,irst let us consid.er the
Raylelgh scattering cross seetion of our Ar gas sanrple¡

(åÐ* = #uf dz = (z.B x ro28,-4) (6"0? * t&6 ^-j)
x (1. 6tt2 x lo-30 

^ 
3), = t+,2 x to-j ¡o-1 sterad-l

The number of ¡aylelgh seattered. photons is
t+,2 x ];O-5

z(j,L+x ro$ 580

tl¡res the number of photons of both polarizations in ù,he entire cïs spec-
trum. 

'uith 
a 3 *-1 spectral slit widthu the peak intensity of the Ray_

leigh line will be lz(J8o) = 6roo times as great as the peak intensity of
the CIS spectru¡n. The fraction of the incid.ent beam Hhich ls Rayleigh
scattered' from the 5 run 10ng focar. region of the bea¡n is (4"2 *10-5)x
(5 x to-3) = 2'1 x 10-? sterad' -1. 

Now let us consÌd.er the light scattering
due to dust' rf we assume that a dust parbicle scatters in arl direetions
just 10 percent of the right incident upon itr& we find that a singrs rp¡n
diameter dust particle in the focussed. beam will seatter:

-ì I l¿r¡n

6i) f*) (ö)t = 2 x to-? sterad-r ;

the scattered' intensity due to dust particres easily exceed.s the Ray_
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leigh intensity unless the ¡nost strlngent precautions a.re taken.
Both the Rayleigh scattered. light and the 1ieht sca$tered by snal1 dust

partlcles 1111 be polarlzed fn the sane plane as tl¡e incident lrght, and
the polarlzatlon of these conponents nay be used to dlscrlrnlnate agalnst
them ln the experiment, rf rvv rs t,*¡e intensity of the porarlzed. seat_
tened lightr and the half-angles of eolleetl0n and focussing are Eo and,
e" respectiveþ then lt may be st¡own that the fbactron of the porariøed

llght l¡t¡1ch is vlslble in the IIV +^¡¡¡1 scattering geonetry is3cz ^2
:rHv * HH, "t*" = 

oo 
* ïÏw24,

t/30), rhe? 
- \--l' r/)u)t the

"stray' light intensity is rlfv +.ÏIH, 
"tr"y * l"Z x l0-3 of the polar_tw

lzed scattened lntensity and. the ,,stray,, light peaft arlslng from Raylelgh 
,,

scattering wfIl be (6,1 x 1o-3) (L"? x1o-3¡ =16 tlrnes as brisht."";;"" i

lcrsspectnnatzetof}equeneyshift1nour,,typic¿1,,erperinent'Any

effectwt¡1chtend'stod.epo1ar1zed'the1ncider¡tbeam,suchasstress-
:

''ludueed'birefringence of the pressure cerl windows, ¡çirr inerease the 
.

stray ueht slgnar¡ so also will scatterlng of the incldent tean Þy dust 
l

partrcles or fron the walls of the sample cell increase the stray light.
The stray light d'ue to seattering fbon the celr r¡alrs nay be redueed. :.i..,vsqgçB 

:to negrlgible proportions by a^ntl-refleetlon coating and. carefi¡¿y eleaning
the windows of the ce'l, blaekenlng the interior surfaces of the celr_,
us1ngfie1d'stopsaround.theincidentbeamand.infÞontoftheco11ect1on

arrn wlndow and by ustng a blaekened, off-axis wedge as a backdrop for the 
r,r .-.'
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focal regÍon of the beam. Dust scattering can be red.uced. to manageable
proportions by flushing and filr-ing the cell through a series of sin_
tered metal filters, the finest bl0cking all particles rarger than J¡r"rn
in d'ia¡neter' Ïn order to reduce d.ust scattering to a smarl fbaction of
the Rayleigh scattered intensity, sub-nicron pore slzed bacteri.ol0gtcal* vqVU

filtens rvould be necessa^:ry but probably not sufficient _ the interior
surfaces of the sanple celr and. pressure equiprnent are just too compli_
cated to be adequately cleaned. of all dust. The stray light intensÍty at
zero fbequency shlft is t¡pical1y 3o times the peak intensity of the crs
speetrun'so that about $ t,3 0f the stray lÌght i-s due to d.ust.

since the stray light peak is fbo¡n r0 to 100 tirnes as bright as the
peak of the crs spectrum, depending on the sample nor.ecule and the con_
dlttons of observation, it is in no case possibre to recover information
about the cls spectrum underlying the instru¡nentally hroad.ened^ stray risht
peak by any sort of subraction technique, The greaten part of the total
CfS intensity lies at small frequency shifts. In order to obtain infor-
nation about the behavior of the CïS spectrun near ú)= 0, which j.s essential
for deterninlng pb), the spectrar srit width ¡nust be na*ow eonpared. to
the spectral width of the CïS spectrum. ft is also essential that the in_
tensity of the stray light transmitted by thespeetro¡neter be very smarl
when the pass band is shifted away from â)= O, This is aehieved. by uslng
two monochromators in tandem; the shape of the pass band. for the Ja.rzell-
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Ash double monochrornator is shom in Figure

slit width; The transnission of an intense

5-2 for two choices of the

naJrrow spectral line just
outsid'e i'he instrumental pass band. farls by a factor of about no3 pen cm_f ;
for fbequency shifts of a few hundred. wavenumbe¡rs the transrnission i"s
about 10-9 of its peak value.

Ánother limitation r¡l¡ich appears wt¡en rnaking.¡neasurements at smarl
fïeguency skrifts is the finite dynamic range capability of the signal pro-
cessing electronics' The electroni-cs have been optimized. for low sígnal
conditions ( photon countine ) ana at count rates or lO4 counts/sec or
more the "dead-time" losses ¡nust be consj.dered. (Dead. tinre trosses w*r be
d'iscussed briefly Ín section 5,3, ) At count rates o¡ 106 Hø or greater
the photomultiplier tube may be d.amaged. Ïlnen the signal fron the far
tail of the spectrun is rarge enough to be rneasrLred., then the peak inten_
sity of the cïs spectrum r+irl usually strain the dynanic range capability
of the apparatus, and the RayÌeÍgh rine wirl be so bnight that the col_
lected light must be attenuated with a filter.

The one good thing Ìre can say about the Rayleigh line is that it pro_
vid.es a reltable fbequency referenee. The line appeaxs at preeis.a, 

";"frequeney shift and is so narrow that its spectrum is always instrunrentarly
broadened by opr equipment.

The e4perinent has two conflicting goals¡ rneasurement of the very weak
spectrun at J'arge frequency shifts and. ¡neasr¡¡enent of the specårun near



FTGURE 5 - 2

Banjl Pass Profile gf the Speqtrometer

The intensity of the signal transmitted by the spec'brometer is
, plotted as a function of the frequency sLrift of the center of the

pass band from the frequency of a very narrow spec'tral rine inci-
dent on the entrance dlit. (the narrow spectrar line is obtained.
by shÍning the beam of the Ar-ion laser onto the slit throwh a ground.
glass screen and- fiIters. ) fhe response func'bions for two spectral
slit widths are plotted¡ 0,3 cm-I (aiffraction lirnit) and 3.0 crn-l.
lfith all slits set to the same physical widttr, the',ideaI', band. pass
function is triangular with a ful1 width at baseline equal to twice
the spectral slit width¡ outside this region the transnission should
fal1 abruptly to zero. The measured" band pass profire is a good

approximation to the id,eal, Hith 3.0 cm-I slits, the transmitted
intensity at larger fbequency shifts is:
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ÚJ = 0 in spite of the brig'ht Raylelgh line. To obtain the cïs spectrunr ' ,

near (t = 0 we rnust use a na^rrolr spectral slit width so that only a small
porüion of the spectrum is obliterated. by the Ínstmnentalry broad.ened.

Rayleigþ line. However, the ught entering the spectrorneter will be pro_
portional to the slit width, because the srit is always fully ir-lu¡ninate.
by the too-wid'e inage of,the focal region of the incident beam. Also, the
fraction of the light entering the spectroneter Ìrhicr¡ will be trans¡nrtted. : :

to the d'etector is proportional to the spectral slit width, since -r" 

- ' 
'

:'t:.:
crs spectrun is nuch broad.er than the pass band of the i_nstrument, ?hus, 

''"

the detected' signal will increase as the square of the spectrar srit width,
and. rneasurenent s at large frequency shifts will be favored. by wide slits.
The only way to reeoncire these conflicting requirements is to nake sep_
arate scans wlth na*ow and. wÍde slitso for the small and. -large fhequ.ency
shift regions of the spectrun respectiveÌyn l

5.2 S,anple preparation

The desired. spectral ¡neasurements require the preparation of gas
sanples a'b roon temperat'ure and with pressures in the range of 10 to 100
atnospheres' the sample handring equipnent is arranged to alro¡.¡ the cerl
to be p'rged', gases to be p'rified and fir-tered as necessarrr, and mixed
ga.s samples of controlled composition to be prepared. The apparatus j_s

comprised of the sanrple cell and ,,thermal conpressor,r, tanfts of gas and
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a vacuun system, two pressure gauges, and. various valves , filters,
piping and. fittings, The conrponents are nostly rnanufactured by the
Anerican rnstrument conpany (ar'rrr+co) and are intend.ed. for higþ pressure
applications (for exarople, the piping and its 600 coned. connections
are designed' for operation at internal pressures of 1001000 pounds per
square inch or /000 atmospheres, while the sample celr is designed to
operate at up Lo l0o atmospheres. ) The schematic a*angement of the
coüponents i-s shonn in ¡l€¡¡re 5-3,

the "thezmal conpressor,, consists of a thick waned stainress steel
vessel rñich may be cooled by immersion in liquid. nitrogen, The gas
sanple to be compressed' is aùnitted to the thermar compressor and riquí-
fied thereln' At thls point, the liquifie. sarnple can be puri.f,.ied. by
fbaction¿ld'stirlation, The sample where this was nost necessaïy was

cF4' The c'4r as it cones fron the supply cylinder, is contaminated r+Íth
0'2 nole percent of air.usrng the diffenence in..the vapor pressures of lrl^¿ì
Ò, ana cFu at and. around, the botling temperatr.rre of rlquid. nltrogen, mostof the N, and 02 may be re¡noved. with a vacuum punpr linited. eventuarly
by the solubility of Nz and. 02 in liquÍd cFu, Thepuritynay be easiry
{nI¡rOVed' to 0.05 mole percent of air, and by repeated rner.ting and freezing
of the cFu and prolonged pumping on the liquid cF4 held in a bati¡ at the
tenperature of liquid oxygen, the lnpurity eoncentration may be red.uced.
to 0'00J more percent of oz, The assay of the impurity concentration is
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FIGURE 5 - 3

Sehematic of the Sanple Handling Equignent

EÌbow, "tee" and. t'cross" connections a^re ind.icated, as Er T and X,

valves are ind.icated- as v. The filtens are mad.e of sintered. copper
or stainless steel. The internal volume of soroe of the cornponents aïe

??
JZ.J cmJfor the san,ple cell with its linen installed, 9,I cin) for ttre
o - 3000 psi @ourdontube) pressure gauge and.2.4 "*3 fo= the prunbirg
'oetneen the cross (X) ana the ce1I. The internal voluine of the ther-

?
mal cornpressor is 10J cm' but this can be red.uced by i-nserting an

aluminum cylÍ-nd.er.

The sample celI is shorrn sectioned., looking toward.s the windou
facing the collection optics (the cel1 is shown 0.J tines fuII scale")
The laser beain travels vertically upward,s through the ceIl, anil the
fused silica wind.ows are s?¡own "hatched. " The sa.nple ceLl is essen-
tially a solid. btock of stainless steel r,¡hich has been cross-bored
t¡ith 1 inch d.ia¡neter hoIes. the blackened, aluminu¡n U-ner has not been

ind.icated.

The placenient of the 0 - 3000 psi gauge shown in the diagram is
very poor -- it should- be placed on the inlet side of the sample eeLL

instead, if an lnternal intensity standard. o¡ He gas is to be usedo
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readlly done q>ectroscopicalry, using t^Ìre lntenslty of thelr pure
rotatlon Ra.nan lines to determlne the conce,ntration of NZ and. 02 ln a
row density gas sa,mple o, cF4, After belng pnrlfied, the pressure of
the sa'mple is increased by varving off the therrnar compressor and ar_
l0rrirg tt to wa¡m to roorn temperature. The liqulfled. sa.mple evaporates
and the flnal presflrre is det'ernined by the flaetl0n of the theun¿r.con-
pressorts internal volune Htric}¡ was fiIled þ llquid, Þessures of u¡r
to 1000 afunosphæes at roon te'perature alay be obtarned. in t.is way
(the gas denslty nay be as high as the J.iqr:l-d. d.ensity, )

the sanpre obtalned. florn the tt¡er¡nar eonpressor are invarlably
dustler than the sanr¡rÌes obtalned. directly fbom the sr¡pply cylinders._ _ __r, -_

T¡s therTlalcompressor was only neeessary for prepartns cF¿] and. CD4r ,

so the other gas sainples lfere prepared *lreetly from t'¡e supply cylinders,
cyllnders of ¡çp Ar and. cH4 contaln gas at g0 atnospheres (ttre ultra_
High Purity grad'e l-s of gg.ggg nole percent and 99.9?¡nole pencent purÍty
for Ar *u cH,* respectively)¡ sF5 (wlth 0,06 mole pencent CI2 as an irn_
purlty) ls supplled' as a l1quld at 2) atnospheres¡ H2 nas ,þrqrurified,,
grade of 99.95 pereent minlmu¡n pr:rlty, A1l th
obtained rbom rrr .^:'.:-, :": 

*" sases oceept cD4 rene

iatheson¡ CDU was obtalned. fro¡n Merekr grar¡re ¿¡¿ Dohene

wlth an isotoplc pr:rtty of 99 pereent, ïn tÌ¡e ease of aO4, " leaky
coupllng between the gas bottle and. the sarnpre handllng apparatus r+
sulted Ln conta¡alnatlon of the en, hw fi A -^r^CD4 by 0. B ¡nole percent air, (fen
grams of cÐ4 cost $J00 and uas just enough to ftII the sample cell to B0
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atn' FScactional distillation woul-d have resulted in too Ìarge a loss of
CD4 to be afforded. )

The preparation of the sarnple for an experirnent begins by repeat-
edly pi*gins (with H2) ana evacuating the entire gas handling system ex_
cept the ther¡ra. conpressor, The', the systen is filled. with 1 at¡no_
sphere of Hz gas and' the pressure is rneasured with a nercury barorneter..
The density of the H, us calculated from its tenperature and. pressure¡
Now the sanple gas nay be introd.uced. on top of tr¡e $r. If a series of.aJ

measurements are to be made at successively higher sample densities,
then the sample for each neasurement is ma.d.e by adding nore gas to the
previous sample and recording the total pressure. The density of the
H2 8as1 r¡r¡ich serves as an internal standard for deterinining the scat-
tered lisht intensity, is fixed. by the anount r-r.ritially added to the
systern.

The H, density in the sample is higher than the initiar density
of H2 in the systen because the sarnple gas, ¡*¡en Ít ls flrst added., s?¡eeps

the E2 eontalned. in the piplng into the sample eel1. the small internal
dia¡neter of the pipes (the piping has a \,j m¡r internal diameter and. a
t¡rical length of J0 cm ) prevents mixing of the sample *as æd H2 8a*
in the lines when the sample gas is first intrcdueed. Diffirslonal mixing
through the piping at pressures of a few atmospheres is so s10w that ar.l
lhe H, which has been swept into the cell remains there, Tne result is
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that the density of Hz in the sanple cel' is increased. by about g per_

, for oìr apparatus.

some ca^tre must be exercised. in the pracement of conponents in the
gas handling system. Jn one configurati_on, the second pressure gauge
was attached' to the sample ce1l at a port opposite the gas inlet. The
internal volune of the gauge was compar*uru l,o that of the cell, and the
result of this a*angement was that part of the H2 in the ce.I was swept
j-nto the gauge each tine sample gas lras add.ed, Ðiffusional mixing be_
tween the gas in the gauge an. i-n the cer-l is negligi.r", ;-;;" 

";result is that the H, internal stand.ard. in the celr. is diluted by sone
indeter¡rinate factor each time sampre gas is ad.ded. to the systan" und.er
these circumstances, Lhe H2 internal standard becomes virtually useless

;* tlris is clearly a siti¡ation to be avold.edo\ )\ 
r"""u*rng. that the conce 

:" r*:*

ntration of H2 in the sample is knom, the
final step in sanple preparation is to ealculate the concentratlon of
each constituent of the'sample fbom its totar pressure and ternperature.
Two pressure gauges (with accuracies of * 1 atm and *. 0,J atn) wene used
to neasure the total pressure of the sarnple rrith an accuracy of * o.J
atmosphere. The sample contains 1,_ lO percent H, and usually Less than
0'1 pencent impurities. For purposes of carcurating the sampre density,

. we will ignore the inrp,rities and treat the sanple as a binary mixt,re
of HZ and the sanple gas, denoted. as {.
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As a first approximatÍ-on, we will assume that each gas separately
obeys the van den 1{aals equation of state¡

(r + a p') G - bp) = pnr-rl

nt¡ere p and. p have units of atrnospheres and moles/titer, respectivery.
The equation of state of this nixtr¡re ¡rir-l be approxinated. by
presslon3 I bt a 

lpproxinated by the ex-

L 
* * u*p*2 - , :+) pxpnz. lr, fl 

]
r. 
I 
r - bxpx- \r&rf = (p** pr) *, i,r2

This rnay be further approxi-mated. asl
'ùr

(^,. 2.P' + ax P¡*) 1r - o*,F*) = P*u,
¡vherepr=p_p,, +p,,nz

, 
= n -'nr* (bx h'rr- orrP*r, + (rx * 

^rr) p* p*rn 
%z,p?rz 

3lle may cal_culate D r.rì*r_ ^--_ 
-- k É'

'f 
u fnz with sufficient accuracy, froln prr_ and. T usÍng

the van der uaars equation of 
nz

staie for H2 since the H2 d.ensity is lo¡rn
NerL, we obtain an approximate value for p_.which will enable us to co¡n_ ,r ,tX- , us EO Co¡l_ .: . .:jpute p". the pressure due to Hz- x interactÍons. since the uneertainty ,.,,,,..'

.: 

':..: 
: : :: ':.in the neasurernent of the total pressure p Ís on the ord.er of 0.3 atrn_ -a.a qvIL

ulrile the value of p,,is usually in the range of 0. 1_ O.Zatn, it is
;-,...,:'. "'i,,'

quite adequate to use very appïoxi¡nate d.ensities in evaluating p,,. ¡.,rr ¡..::r;!r;r:,;;

Finally' we eomputt px as the density of the pure component x at
temperatureTand.preSSuIeP,=P-n%.n.,.Fo]:thisst,epweusean

equation of state for the gas r+hich better d.escribes rtsbehavior than the ;:.:. .:.,:r



van der llaals equation of state. For c'u and cF4 the Beattie-Brid*eman
equation of state nas sor.ved lteratively to obtain r*.! The entire
calculation can be iterated until a self-consistent varue of c

tained, if this r - -- 
--Y v¡ /* i" ot-

l_s necessatTr.

' once a series of spectra have been obtained fbon samples of kno¡¡n
density and' coltposition, the data must be red.uced. to a for¡n rir.¡ich is d.i-
rectly comparable with the theoretical predictions, fhe binary CfS
spectrunr is obtained fÞo¡r the raw data by appì-ying instruinental correc_
tions' accounting for the effect of impurities in the sanrple and by fitting
a virlal expansion to the measured intensities. lle irill d.iseuss the data
analysis steps in the sane orden in nÈrich they are applied to the d,ata"

5.3.1- Dead Ti*"

The processing of the prrlse generated by the electronics in response
to the detection of a photon by the photonuJ-tiplier tube requires a finite
anount of tj-ne' .rf two photons, both of lrhich are detected., a*ive with
a separation less than the so-ealIed. ,,d.ead tirne,, of the electronics, only
one event will be counted' The photons j-n the right signar being measured
a*ive randomly in tlne and. so the pulses due to d.etected. photons rvill
be randomly distributed. in tine a.s welL. The probability that a seconcl

r52

ìì4, :r:ii1ì. a::;::ì::,ì::. i :.
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pulse will fo1low any given first pulse within the dead. tine interval
andthereforgnot be counted., ís just proportional to the nean pulse
rate' The fraction of the pulses which will be counted Ís given by¡

#'= I -ß"I

r"¡here rt = count rate and r = pulse rate. lùhen the d.ead tine losses
are snarl ( r'/, ) o:9), this reration may be inverted to give the pur_se
rate in ter¡ns of the count ratel

r g'r, (I +p,rt) ,

The rate limiting conponent is or¡¡ data hand.l-ing electronics is
the ' ¡nul'tictrannel scarer, r+ìrich counts the number of purses that a*ive
while the spectro¡neter rs set at a particular frequency and stores the
total in the appropriate menory address or channel. The dead tine is
þ = 2"52¡\sec and' the d'ead tirne losses inerease rÍnearJ.y for count rates

up to B0 KHz" Count rates near the peak of the CIS spectrurn often reach
40 wt' (10 pencent d.ead time l0sses) r^rhen the apparatus has been optimized
for rneasuring the weak light signal in the far tail 0f the spectrurn, ?he
neasr¡red' intensities will be affected 10ng before the d.ist,ortion of the
spectral shape becones apparent. ïn al1 criticaL
count rate is kept below 2 lfr1z so that dead. ti:ne

percent.

work, the CIS peak

losses are fess than 0.J



Spectral Respolrss

7s+

The probabillt'y that a photon entering the spectrometer rrirr be
detected depend's on both lts fbequency and its polarization, The corn-
ponents lvhich make the largest contributions to the polarization d.e_
pend'ence of the i-nstrunental response are the diffraction gratings;
the slits and the photocathod'e surface, which is incrined. to the direc-
tion of the light, both rnake substantial a.d'tional contributions. As
for the frequency depend.ence of the instru¡nentar response, every con_
ponent in the lidot path raakes a significant contribution, Accordingly,
one ¡nust be careful about naking changes to the apparatus after the over_
all response of the systen has been measured..

The measr.¡rement of the flrequency response of the spectrornet,er for
unpolarized light r+as d.one using a tungsten ribbon lanrp as a. right source?
The larnp had been calibrated. by the Natlonal Research councir. of canad.a
(NRCC) ì_ab against a second.ary standard. The relative sensitivity of
the spectrometer to light polarized paralleJ. ro and ,*;;;rar ro rhe
entrance slit (and the rurings of the diffraction gratings) ¡vas rneasured
by placing a polaroid. before the entrance to the spectroneter. The
sensitivity of the spectrometer to light poÌarized perpendicular to the
grating rulings is about three tirnes as g:reat as for light polarized
paraÌle1 to the rulings. Since our measì.trements of the CfS spectrum
¡^rere ¡nade in the Hv + HH geometry, and the intensity of the conponents



FrcgRE 5 - 4

Relative Response Function of the ftrectro+eter

The relative spectral response is plotted for 1.0 "*-1 (upper
curve) and 0.J "*-1 "p""tral slit r¡id.th of the spee-brometer. zero
frequency shift occulcs at 2O4)Z 

"*-1 ç4880 Å.) The curve for l.O **-1
spectral slit wid.th is characteristic of the response for slits r¡ide¡e

-l 'l
than 1.0 crn 

*. ror slits narrower than 1.0 cm-' the relative spectral
response becones d.epend.ent on slit width. The relative response plotted
in the graph is in units of counts per mtrf of incident light, within the
fixed. wavelength bandpass of thé instrument.

since the spectrar slit wicLth, for a fixed physiear slit width,
is proportional to tsZ, and. the number of photons per ¡rW is proportional

I .?to @ *, the plotted. response currves must be rnultipì-ied. by c^rJ to obtain
the relative response of-bhe instrument in eounts per incident photon
per unit frequency interval.

The relative responsefunctions for J.0 crn-I and

are then:
1" 0 cm-I slits

R(counts/phoron - "*-1) = (glfrP)3 (r - 0"0442 ffil
- o.o3o8 {ff012 )

and- n(counts/photon - "r-1) = (-r.;lrr)3 (r 0,0645 c#ål
0,0222 t,ffi12 I

respec'biveIy, in the range aÞ= - 200->+ 1000 "ilI, r,ihere ûJc

The spectral response is fì-at largely because of the frat
response of our photomultiplier tube,

= 204)Zcn

spectral

-1
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rru and rHH *" equar by s¡rnnretry, we need. only appry the corzection for
the frequency response of the spectoneter to unpolarized light. The re-
lati-ve response of the system in the fhequency region of interest for
our light scattering ¡neasurenents is presented in Flgure 5_I¿. Note that

j.n terns of counts /nl+ tor a fixed slit
width. The spectral slit wid.th is proportional to ¡rî for a fixed physi_
cal slit and the number of photons per nll is inversely prqrortional
to ü'r ' Thus, to obtain the relative response in counts pen photon and
per unit frequency interval, with a fixed physical slit width, we rnust
multiply the relative response values in the figure by *r3.

The only significant inrpurities in the samples studiecr. were þ and
OZ. These inrpurities will result in a ¡¡eakrotational Raman spectrurn
being superinposed on the crs spectrum. ïf the impurity concentration
in a given sample is known, then the pure rotation spectrum of the im-
purity may be calculated, suitably pressure bnoad.ened., and. subtracted.
fkom the CTS spectrum. The rotational Ranan spectrum for N, and OZ was
calcul_ated at ilre end of Chapter Z. The concer¡tration of NZ and. 0, may
be assayed spectroscopically by conparing the intensity of the rotation
lines of N2 and 02 in a 10w pressure sample (of meas'red density) to the
intensiby of the s(r) l1ne of a sample of H2 þfmeasured denslty.) rr,u

1ì::,1



pressure broadened. llnes may

with a width r¡t¡ich ls the sum

due to pressì.rre broadening.

757

be taken to have Lorentzian profiles,

of the spectral slit width and. the wid.th

5,3,4 The H, - X crs Speetrtun

The major constituents of the sample being stud.ied æe H.and X
and its crs spectnrnr ¡vil. consi-st, of contributions arising from { _. r,
HZ - X and. H2 - H, collisions. Because of the 1ow concentrat.lon of Ha
and. its small polarizability, we will ignore the H, _ H.speetrum as
being to weak to concern us, The H2 - x crs spectrurn however, will ¡rake
a sna1l but significant contribution to the totar intensity. sìnce we
are interested in the binary cïs spectru¡n due to x _ x colllsions only,
we will subtract the H, - x spectrun" zrnd. since the intensÍ-ty of the
He - X spectrum is only a few percent of the X _ X intensi_ty, a
rough approxination to the real Hz' x spectrun will be sufficient for
our purposes.

The zeroth ¡nornent of the binary CïS spectrun for the mixtr:¡e will
in the XfD approxj_mation:be,

þ(o) = rr{ri # [iu"*o, M* zr¡psz :sÊ,
$-u*,-*,-,

(å*4),
36 a4 ,* -\

* FlrË Jo"-u err(x) *J ,r^r* f*), o
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W+ p,662)(z/s)t 
a¡,_ Nù1,

expressed in terns of the H2 s(1) rotatlon 1ine lntenslty, rhe H2 _ H2
CIS spectrum may be represented. as f(u) = A e:cp(_ A/SO*-1), on the
Stokes slde. ?he collision tl¡ ìì!-.ne for HZ _ X collisions is deter:nined. by
the lnverse square root of the reduced ¡nass of the coll1d'ng pair, The
deeay constant of tt¡e Hz - x spectrun is inversely proportlonal to ttre
colllsion tine, and is about 36 cn-r for the rnorecures studr-ed.. For
the pur¡rose of subtraeting the Hz - xcïs spectru¡n, ?re will approxlrnate

't 
by an enponentiar speetral profile r.¡t¡ose integrated intenslty ls

glven by the DfD ¡nodelâ

- Bpxi.

lon_of the Two_ and 1hree B ts
After removlng the contrib,utions due to tj

H2, rhe inrens*v or rhe cïs spectruÍr mav ," ;::;:i; l';"":-'
serles expanslon in d.ensitys6

r(ø) = t(2)1ar) Ftr* ,(3)(r) p3** r(a)1a,) pl.* .,,

The leading terrn is tØfrl f since the cls spectrurn arlses fbon
the lnteractions of at least two moLecules, Over the raïlge of densltles
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we have used. r-n o'r experinents, the spectrum is adèquately expressed
in terms of just the two-body and three_bod.y terrns. Lrhen the four -
body tenm'becomes inportant, it lrirl appear first at smalr frequency
shifts, The two and three body spectra are obtained fbon a series of
spectra at d'ifferent densities by first normarlzj.ng the intensities to
the H, s(1) line inrensities, then nultiplyins by prrr/ fÍ, and then
finally fitting a straight 1ine of the forrn ¡

¡rË ur rne ror¡n ¡ * BpX at each separaùe
fbequencv. The coefficients of the fit are just {z)(d) and ,(3)1ar) !

5.3'6. The Zeroth ì,lonent

The zeroth no¡nents of the two bod.y an. three body spectr-a rnay be
obtai_ned by intesrating ,G)(úr;) and r(j)(r¡). Ilowever, it is prefer_
able to oo*ï" the zeroth rnomen'bs bv fittins r(2) o ,o) p* to a pJ.ot
of l(P)/ l" versus p, ,ohu=" ï(p ) is the integrated. intensity of the
spectrurn obtained from the sarnple with dens it| p, The advantage of
this nethod is that each spectrum is represented. by a single poÍnt so
that it ls easier to critically assess the quality of the fit in ter¡ns
of statistical and systematlc uncertainties.

The measurement of the zeroth monent is difficul.t because the eentral
part of the spectrun whieh contributes nost of the total intensÍty, 1s
partialJ-y obscured by the Raylelgh line, Un1ess the spectruin is scanned
r+ith sufficiently high resolution, the extrapolation of the spectrum to



,::: ,. :'- i .-':.

FTGUFE 5 - 5

Htr lation to Zero for the CIS gctrum of Ar

The number of counts per channel (10 sec,per channer) of an ex-
perimental Ar crS spectrum is plotted. versus channel nunber (4 channeì-s,

-lper cn -, the fulI spectru:n consists of 2J6 dtannels, ) the Ar sample
is at a pressure of 120 atm, at roorn ternperature (5.3 more/titer) ana
the spectral slit lridth used in the scan was 0,J cil-l. The CfS spee_
trunr rnay be folloned d.ol^m to a frequency shift of 1 cil-l" The extra-
polation which we have used. for fbequency shifts beror^¡ 1 

"¡r,-1 
is showtr

by the line; the extrapolation is not ex¡lected. to introd.uce gross errors
in the detennination of the zeroth moment.



co
un

ts
 p

er
 e

ha
Jr

ne
l ->

o sl

l I ¡ i I I I È ¡i t: iii lii ii iij il'
;)

i1
:l jr'
i

i1
;j

',.
:l

)Ì
,ì, r¡
ll

ì.l
i

I 
l"} .r
ii i;l lii jj:r rì

ì.1 :i 
ll :(
i

.)
'! :# '''!

l¡'
j

1'
,% ::l
it

.t¡ ¡ij 'il
l1

rJ
 

ìr
iì

¿
).

 
r:

i
O

 
r;

l
;.i

,T
ii

''')
ji'

't;
tì ,i,
l

:iì ,tr
i

:.l
l ili

9.
¡

F
*

gr

a
c

a
a

a t
¡l o

I
a'

o
lc

a a t
a

o :r p o H p ã c/ r-
f I I I v

o



¡.rcuRn 5 _. ri

DgÞginination of the Zeroth tton,ent gl the Ar ÇI! Ðestru¡n

The graph is
liter and r(Ð/Fz
to the integrated-

': 
;r,l/::.

intensity of

versus p r uLrere p has units of moì.e/

units "r Â9 , û,. p(o) is rerated.
the Ar speetruin by:

(more/liter) rdr t\d.cr/Ar CIS

P, (notez /tit""z) 'df r
tãlñ,/H, s(1¡

whene the H2 s(1) rotation Raman line has been used- as an internal
stand.ard- for de¡r,ernining the intensity of the Ar crs spectrum. The
plotted- values of øQ)(rp) hu.lr" been corrected ro" 

"rr"cts such as

H2 - Ar scattering, 1'he zero density in-bercept gives the intensity
due to binary collisions, whilethe dor.nrward slope of 'Lhe Iine gives
the negative, three-bocty conbribution to the scattered. intensity. The

line is p$)(f,9) = 5+"2 - 3,?tp(*/r) " The cïossesn. firled and open

circles represent spectra taken at different times and- of different
quality.

ø\b = r(t),):r
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L62zero frequency shift will be unreliable, The nanow slit r¡idËJr re_
, quired' for high resolutionr,however, greatly red.uces the observed. in_
tenslty' and eventually co'nting statistics rvill rinit the aeq¡racy of
the integrated intensity measurernent. The snall flequency shj_ft re-
gion of an Ar spectrunr scanned at high resolution i_s presented in Figure
5-5, The extrapolation to zero fhequency shift for this speetrun will
contribute only a small uncertainty to measurement of the intqgrated
intensity, For the high resolution Ar spectra measured. at lo¡¡er d.en_
sities' it i-s usually the co*nti-ng statistics and not ;the extrapolatlon
¡+hich linits the accuracy of the integrated intensity. ,Thu pf"; ., ,-,tr:-
versus p for Ar is given in pigure J-6. A straight line is a¡l adequate
representation of the data, which justifies the neglect of the four*bod.y
contribution to the intensity, For the molecules we have studied, the
zeroth ¡nonent is at least five tines as large as for Ar; this aiakes the
Ineasurement of the zeroth moment for the molecures much easier than for
Ar.

The resurts of our neasure¡nents of the zeroth rnoments nay be sum_
marÍ_zed as¡

Molecule

¡\r

cH4

cF4

SFzo

p(o )

s(0 )

p(o )

ø(o )

= 54,2 - 3,r? f
= 296 - 24.? p

= 277 ' I?,6 f
= !2I2 - 3427
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r¡here pQ)

liten. ?he

due to three

about * 5 to

ls given ln unlts or å9 and. p is given ln units of nole,/
first terrn ls d'ue to binary colllslons r¡t¡lle the second 1s

bod'y co11is10ns. The uncertalnty of the ¡neasure¡nents 1s

t 15 percent, increaslng down the table.

rhe hterpretatlon of the crs spectnr¡n is ¡nuch easler Ìù¡en we know
the absolute scatterlng cross sectr-on as well as the strape of the spec-
tr,¡n' However, measurer'ents of the absor.ute scattered.rntenslty ¡rith
an accuracy of J percent or better are quite dlfficult to ¡nake. ?hey
are nost easily perfor:ned. by comparlng the fntensity scattered. by the
sample to the intenslty scattened by some standard. * in our case H,

Bâs. Â numbqr of raboratories have ¡nade measurrements of the ryeroth
noment of the cïs specün¡¡n of Ar, and. the results have been in the
range of 0.J to 0.8 tlnes the ealculated DfD result for g$),? The
:eesults d'lsa*ree wlt'¡ each other and with the theoretlcar predictions"

The dlsagreement between the various neasurenents of øp) for Ar
has pronpted' our gÌoup' and, the group head.ed þ!¡ Barocct¡i, at cNR Firenze,
Ita1y, to rnake ind.Erend.ent detemrlnatlons of lol for Ar, We have used.
ttre internal standard. method., where a measured. ¿rrnount of HA J_s present
ln the sanple, and the neasurenents of tJre

sample and by the standard. are measured at
inates ti}¡e effect of focussing or aligrunent

lntensity scattened by the

the sarne tinen This el.irn_

changes in the optlcs"

ÞIeasr¡rements

,:Ilti::l.ii5 ::a¡i
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Barocchi uses the external standard method, where the ce'l ts fi.led.
first with pure H, for the standard neasurenent, and then fitled with
a pÌrre gas sample for all the other rneasurenents, This elininates tl¡e
interaction between sample and. H, molecuJes which ¡rust be accounted.
for in the internal standard. nethod. A decisive factor in choosing
the internal standard nethod in our case is the fact that the ex¡leri_
mental roo¡n is not tanperature stabilized, Variations in room temper_
ature require that the tracking of the tr¡o halves of the tanden nono_
chromator be ad.justed. every day and so¡netines for every measurenent,
r^¡hen one is operating at high resolution (0.5 cm-l. )

since the H, s(1) rotation r.ine appears a.L a large fhequency shift
the cïs spectrurn, it is necessary to know the speetral response

function of the speetrometer, ue have ¡neasured the spectrar response
of our instru.ment using a calibrated. tungsten lanp; Barocchi. has used. a
black 'body source for this purpose.

The results for the zeroth monents of the two_body CïS speetrum of
Ar are 54.2 *.3 å9 ro= our lab and 4g.B t 3 19 ro= Barocchirs lab.g The
tto results agree lvith each other and have an avera€e of JI.J å9, ,,or,i"r,

ls 1'2 times the ealculated DrD value or g(0). These results are clearry
inconsistent with the measurements reported b¡r previous workers, lle may
suggest several reasons for error in the previous reports¡

1) The variation in speetral sensitivity betr.reen zero frequency
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shÍft an. the position of the H2 s(1) line has not been taken into
account.

2) The effect of the negative three-bod.y contribution to the
total scattered intensity has not been taken into account. Ât 40 atmo_
spheres (about 15 nore/7iten) the three bod.y con-bribution is arready
10 percent of the two bod.y intensity. The intensÍty of the spectrun be_
cones ineonvenlentry 

rl0w 
for rlr if the density is reduced much berow

this value.

3) usually only the stokes sid.e of the spectrum is ¡neasured. be_
cause the spectrum is s¡rinmetric about zero frequency shift, except for
the Soltzmann.factor' Ïhe zeroth moment includes .ühe entÍre spectrurn
and' if only t'he stokes side is used in cønput ine p@), the result will
be too small'þ a faetor of two,

unress one has the specific intent of making accurate absolute in.-
tensity neasurements, the results are likely to be affected by systernatic
errors d'ue to features of the e4perinent which are of little consequence
when only the spectral shape is desired. As a final consideration, we
must note that the absolute intensity ¡neasurements we have made can be
no nore accurate than .bhe value of ( fil_ot)"o = A-11.¿¡ Å3 that we have

¿-
assumed for ou¡ i-nternal stanrlard. The e,xperinrentar varue of (c(¡r - o,)z
for H, is 6 percen'', larger than the co:=esponding result obtained. by a
carefur- theoretical calcur-ation, so that the absolute intensities we
have obtained may be systematically too large by this arnount. g
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1. Crystal

pentain

M, Born,

optlcs as ¡rell as other_toplcs
to the d.esign of the apparatus

E. Wolf, Ðcinciples of Optics,

ln optics which

are treated ln:
Pergamonr Oxford, ]ig?O

?,

Scientists and trhgineensr .Erentice_Hallr &rgler+ood Cliffs, 1926
Tf abemations can be contro'ed, then it ls d.esirabre to red.uce
the d'ia¡neter of the diffraction ltmited focal cyllndei by
strortening the focal length of the focussrng lens, since thlswill result in an increase j.n the collected Ìight. See¡'':J, J', Ba:rett, N. f. Adans, ¡t. Opt. Soc. Arn.5gr 311 (196g)
R. L. sct¡wiesolr, 

i J, opt, soc, ttm, 59t lzBs firr¡ 
\-'-"/

The phorornulriplier rube must o" "r;;"JåJJly shielded
and' cooled to about -400c to reduce the background eount rate,
due mainly to thermlonlc emr-ssion from the photoco.thode at
roorn tenperature, to this level. A substantial part of the countrate of the cooled tube is d.ue to light generated. lry cosmic
rays and. natural rad.ioactivity of the gÌass envelope, The restis generat$ ¡" therrnionic and. field enissl0n of electrons and.
þ other processes occuring inslde the tube itself. For a
cliscusslon of the properties of photoe¡nÍssive detectors see¡
A' H' sommer' 

%¡ !Iiì.ey, New ïork, 196g .
The cooler for the Pl{T is sinilar to that described in:
A. r,. Broadfoot, App1, Opt. J, rz5g (tg66) .
The optimization of the signal to noÍse ratio in photon counting
with photomultipliers is d.iscussed. ln:

3,
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l+,

A, T. Toung, Appl. opt, p, zr3t çtgs91 .
The Mie scattering cross section for particles ¡rith a radius
greater than or equal to the incident lieht wavelength is
approximately equal to the geonetric cross sectional a,?ea,
For particles wi-th r < \, the scattering cross secti.on is,ôapproximately (t.-"t)(î) . For large parbieles the scattered
light peaks ln the forward. direction, but for particÌes ¡nuch

. srnaller than the waveì-ength, the angular distribution beco¡nes
very broad..

The gs¿f,¿ie-Bri.r,rgenanj equation of state has the form
P = nr(l- Qf çn+ Uþ ) - tf ¡+here A=Ao(t-al), B*Bo(t_gp)
and â =*r-3:f" . The density nay be obtalned by the lteration

)o

P=

where

i P.'

ct+,'dzp .+ c3 F' * ,rrf3
Cl = ffi.l

cr=n(Bor-"/r2)-ao

c, = aAo - nno(c/rt * *).,

Cr, = RB bc'fo /rz

[he Pt/T,relations fror cH4, cE4 and sF5 are given
Douslin, I{amÍ.son, Moore, Mcculloughr J. Che¡n and
358 (teø4¡

Douslin, Ha.t=ison, Moore, McCul'ough, J. Chem. Hrys. ff, Ðn
Maccormackr Schneidêr, J, chem. phys. 12, gUS (]tgj.])
For ¿rgs¡ the pW data was obtained from the ìIBS circular3
Gosman' Mccarty, Hurst, :]]@31+ kopentfes of ¿r fbo¡n the

bY,

Ð:9. nata 2,

(1e61)



National Bureau of standards (NSRDS_NBS2Z) Lg69,
The CD4 equation of state ls very similar to that for
The d'ifferences in the second virial coefficients for
and. CD4 are measì.red by3

Thomaes, Steinwinkel, Mol. phys. å, 30? ç¡g6i)
The Pw d.ata for H, and H2-Ar ¡rixtures *. gir., i*,
Itlichels, de G:eaaft, Hassenaar, J,evelt, Iouwerse, physica 25_,
25 (tese)

Zand.bergen, Beenakker, physi ea 33, *S GgeÐ ,

A compreürensive list of referenees for pW d.ata is touna in:
l,fason, Spr:rling,

r Topic l0r Vol 21 7969
Tàe virial expansion of the crs spectrum Ís consid.ered, for
example, by

J' P. Mcfague, l,¡. D. fillenson, ï,. H. HalLo J. de ,]hy"" (raris)
)3, ct-zttt (rg?z)

The results are¡

a) Mctague et aI 25.? * 2.5 "A9

b) Buckingham, Dlnmur

(rerz Effect)

c) I¿llerna^nd

d) thibeau et aI
r¡here:

a) J. P. Mcfague, !1. D. Ellenson, ï,. H. Ha11, ¡r. de ¡hys.
33, ct-zt+l (r9?2)

b) A. D' Bucklngham, D. A. Dunmur, ftans. Farad.ay goc. 64,
1776 (1968)

cH4'

cH4

6.

?.

30,2 * 4,1+ "A9

33,5 * S.a Ã9

2?.? x. !.2 oA9

(rairs)
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c) p, Iallemand, ¡r. de phys. (raris) j-2, rrg eg?L) 
,'.

d) M. Thlbeaur G. c. Tabisz, B, oksengortr, B. vodar, ¡r. @ant.', $pectrosc. Rad.. g,¿¡sfer 10, g3g,(Ig?o)

8. F, Barocchi, M. Zoppl, Physicsletters 661199 (Lg?g)
9, The experirnental rezult is fÞo¡n¡

N. J. Bridge, A. D. Buckinghan, koc, ¡oy. Soc, AZ'S, 33b (ryAA)
lhe calculatíon is by¡

W. Kolos, tr, tdolniewiczt J, Chem. phys. !6t i.;t+26 (;.¡96?)

-.!;:':.ì'.
. .t ,-::r.
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CHAPTER 6

DrscussroN AND qoNcIüsJONS

r+,,the prevlous ehapters, the theoretical flanework for the
dlscussion of colrlsion-lnduced ligþt scatterlng eias presented.. rnthls chapter, we will cornpare the theoretieal predlctions wlth the
observed spectra and draw our conclusions,

the flrst conparison ¡¡e will make is bet¡reen the spectra eo¡n-puted uslng the point DïD rnod.er , p(x)=x-3 i ana the e4perlnentaJ.ly

lbservea 
spectra for Ar, cHa, cF,¿l and ,sFr. The spect Ta areprotted.

ln Flgurer;$:|r2 t 3 and. 4, The eornputed. spectra a€ree *r' *rtr, trru
observations in tenns of the spectrar shape, especia*y consld.ening
that there are no fþee parameters involved." This agreenent in the
gross features of the spectral dlstrlbution arises because ttre spectral
wldth is deter¡nined þ the nolecular dlameter and vel0clty; the
spectral shape 

's 
rer-atively lnsensltfve to the forn of the pair polar_lzabllity function' However, the lntensity of the calculated. spectrum

does not agree with the observed spectrun¡ the error bars on the
neasurements have a wldth of the ord.er of *10 percent while the dis_
erepency between the theorT and expenLnrent is of the ord.er of * loopercent, It would seern that the simple point DID nodel is not a suf_ficiently good. approxlmatton to 

f(x). lle ¡¡tlr eonsider refinements
of the DfD lrod.el shortly.

The comparislon we just mad.e ¡,¡as llrnited to *re 10w and inter_
nedlate flequency regions of the spectrum" Jf we continue i.nto the
high frequency shift region, we flnd. 4n abnupt change in the shape ofthe observed spectra for all the rnolecules, nhich the ¡nn model can_

i::,i:..',



FIGURE 6 - 1

Conparison of the Dçerime¡ta1 and" the Calculated DfD CIS Spectrum

for Ar

The experinental neasurenents are indicated by dots (plotted
^ -]-.every 2 cm 

*o) Ûre spectrutncalculated.using the DfD nodel,
-?

F$) = x r, is shown by the solid. line. The dashed line (near

zero frequency shift) is tJre calculated spectrum ignoring the con-

tribution of bound. d.iners, The bound- d.iner spectrun is somel*rat

too narcow utrile the unbou¡rd. dimer spectrun is somewtrat too wide.

However, the overall sLrape of the calculated. spectrum a€rees re-
narkably l¡e1l with the observed spectral shape.

Ttre intensity calculated using p (x) = {3, (the other par-
amete¡c values used are given in Table 3 - 2) t" øf:l = ItT,? ¡9
- , /O\ oO. ' vuL ./rt\(ør\¿"- 3?,5 Ãt) "= conpared with the measured value f\") =

5L,5 Í,9 for 4". The calculated intensity is sligþtly snrallæ

than the obsen¡ed intensity,

The intenslty scale is in units of the CIS scattering cross

section per unit frequency interval (f cm-l) divided by the scat-
tering cross section of the HZ S(1) transition und.er the same

cond,itions, when both gases (HZ and Ar) are at unit d-ensity (t nole/
liter, )
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r''rcunn fi - 2

conparlson of the Ðcperimental an.L calculated DrD crs spectrgn
for CH,.+

The oçerinental neasuïements are ind.icated- by dots (plotted
everTr 4 cn^*.) ti¡e spectrum calculated using the DïD model,

-{
F$) = x', is sholrn by the.solid line. The dasL¡ed line (near
zero frequency shift) is t}re ealculated spectrun ignoring the con-
tríbution of bound dimers. The bound d.imer spectrum is too nar¿o!{,
while the unbound diner spectrum is too wid.e. past LBO 

"*-1 thu
strape of the observed spectrurn changes abruptly.

The intensity calcutated. using FG) = *-3 t" øf.1] = 249,9 "A9
,t,, (0) ^. vv¿ //^\'l' 

FàáL = I91.2'A9) as compared to the measured value at /t\a) =

29i6;2 iS ç p(o) = 2:.gr,z '^9 when the cïRS contribrrtion is sub-
tracted.) rrre observed intensity is slightly larger than the
calculated. value"
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ErcuRE 6 - j

.comparison of the Ðlperiment_aland cqrculated_DrD crr spectrurn
for CF4

The e4perinental neasurernents are ind.icated by dots (protted
every I cm^-.) rne spectrum calcurated. using the DrD nod.el,

-?
F@) = x', is shown by the solid. line" The dashed line (near

zero frequency shift) is the calculated. spectrum ignoring the
contribution of bound. di-mers, The bound. dimer spectrum is sone_
r^¡hat too narrolr, br¡t the overall sbrape of the calcul_ated, spectrum
agrees very well with the observed shape, past 60 

"*-1 
.bhu shalre

of the obse¡rved. spectrum changes abrup.Lly,
The intensity calculated. using p(x) : *-3 i" øfil= tttl.l_ Â9

. /ô\ ^o( f,riZ] = 128.8 Â') as compared to the meas'red value of ,/r(o) =

2?? "A9 C p(ol = 27r,5 å,9 
"r,en the crns contribution is subtracted.)

1hile the shape is correctly predic.bed n the predicted. intensity
much too small.
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FTGIIRE 6 - 4

ison of the erimental and Caleulated DID CIS
for SFzo

The experlmentar neasurements are indicated. by dots (nlottea
-leverXr I 

"*^*. ) The spectrum calculated. using the DID rnodel,
p(x) = x-3, is Sr-om by the solid line. The dasLred line (near
zero frequency shrift) is the calculated spectrunr ignoring the con-
tribution of bound d.irners. The bound. d.irner spectrun and. the un-
bound. d.iner spectrurn are both too narrow. past 40 "*-1 th" shape
of the obse:rred. spectrum cha_nges abruptly.

The intensity catculared using f(x) = *-3 i, øÍiI = 5?4.5 'Ag
/rr\ ¡

( ørl'.! = M}.S lr9) as conpared. to the neasured value of øQ) =/^\ ^ø\") = 1IBB .{7 rthen the CIRS contribution is subtracted,)
ltidth. and intensity of the predicted spectrum are snaller
experimentally ¡neasured values.

Êr2 19 (
Both the
than the
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not aecount for at all. ïn fact, a dlfferent nechanisn, collision_
lndueed rotational scattering, takes over fro¡n the transrational cJSmechanign. This change is suggested. by the fact that a .hlgh
frequency tail is present for all the ¡nolecules, but not for Ar, ile
may confirm oÌ* s,::nlse about the natr¡re of the hidr frbquency tall
by naking an isotopic substitution. As we have sald before, the fre_
queney spread of the translational cïs spectrurn is essentially deter-
mlned þ the nolecular d.ia,neterand. veloclty. ?he fbequency spread ofthe clRs spectrum on the other hand, depends on the ¡noment of inentia
of the noIeeuIe, Conslder the palr of noLecul
nasses 16 arnu and 20 a"mu respectively. ,;j:.:ir"]t;Tl:r;-:
a cD, molecule ¡+i11 be (t6/zof =0.gg t'¡nes ttre vel0city of a cH,nolecule ¡vith the sarne enerry. All the other prop*ties of these
¡nolecules, such as their polariøability, dianeter and intemor.ecr¡rar
potential' atre very slmilar. Hcept for a slight shift ts l0rver fre_
quencies' the cD.4, translational crs speetrum sl¡ould" be identical tothat of c'u. The ¡noment of inertia of cD4r honever, is twlce * ,rr**
as that of cH4. The fbequency of all rotational transitions for¡ilr be red.uced by a factor of i 

r cD4

bwo fbo¡n the CHO rotational transition
frequencles and so the entire crRS spectrun will be shifted down ln
fbequency by a faetor of tr.¡o. The sPectra o¡ cH4 and cD4 ., obtai.ied
und.er the same cond.itions, are compared in rigure 6_5. At sma1l fbe_
quency shifts the two spectra are alnost identical. The high frequency
tail of the spectrurn however, is drastically dlfferent for the t¡ro
nolecules' ?his is the clear signature of collislon-lnduced. rotational
scattering in the far t,ail of the CH4 and CD4 spectra.

Havlng demonstrated that cïRS actually contributes to tÌ¡e observed.
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FrcuRE 6 - 5

Comparison of CH,, and CDr. Spectra

The raw data for scans of a CH4 spectmm (aots) and a CD,
spectrun (crosses) under the same cond.itions are plotted. in this
figure. The sarnpres were both at a pressure of lJ atnospheres at
z?oc and. the spectra were scanned with 3.0 c*-l slits at a speed.
of 20 sec/ch (Ì channer = z 

"*-r), Every second point has been
plotted (every 4 "*-1¡, and. the background. count rate has been
indicated. by the d-ashecr. r-ine at the bottom of the gaph, The
sharp peak at )54 en-L is the H2 s(0) line (tt2 eas at I atn has
been add'ed to the samples as an internal inteisity standard.)

From 0+60 
"*-1 the cH4 and cD4 spectra are veïy similar

with the cDu spectrum being slightly narrolrer, as orpected, Fron
60 -+1Bo "m-t the cD4 spectrum bulges upward -- this is due to
the presence of 0,8 mole percent air as a contami-nant in the cD
(see Flgrr e 2 -,Zbrc for the shape of .the N2 and O, ,:o*^rr;";;U
spectra. ) past 200 cm-l the contaminant spectrum no longer inter-
feres rdth tlre measuremen.b of the CIS spectrurn. ^r\t ]arge frequenc¡,
shifts the spectral profiles for CHU and CDU are q.uite d.Ífferentl
the cH4 spectrun bend.s sharply upwards at, z0o 

"m-1, but the cD4
d-oes not. The cH4 spectrum is niuch nore j_ntense at T.arge fre-
quency shifts than the cD4 spectrurn, as is predicted by the crRS
theory,
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spectnrm we lri1l now cornpa^re the computed CIRS spectra wÍth ttre
observed. spectra of the ¡nolecules nu. ^r\:cules CH4r cD', cF¿l and. sF5, The s¡rectraare plotted ln¡'igures 6-6, l, B and_ ). The bond polarizability
values of A and' E fbon chapter 4, and tl¡e values 5,25, 2.63¡0.185 and 0.0862 cu¡-l for the rotatlonal constants ã,, have beenused in calculating the qreetra. The total lntenslty of the cïRsspectrun 

's 
r'?' 2'5 and' 5 percent of the total lntensity of thecrs speetrun for cH'' cF4 and se, respectively. F,or both cH4 

"nd c%,
the calculated cïRs s¡rectnrm. aÇrfees.ve{ werl rÉth the obse¡vect hid..
frequency tail of the spectn'n, However, at very tig, r""q;;":'
the calculated cH4 spectrum beco¡nes too weak conpared to ,n, ;.;*spectrum' rn the cases o' cl¡4 and sF6¡ the results are ress satisfactory.
For c.¿l an. s!'6 there is only a short-range of frequencies ¡¡here the
crRS spectru¡r clearly contributes to the observed spectrum. trbr both
cFu and s'5r the observed intensity at large frequency shifts is greater
ùhan can be accounted. for by our calculation"

Thls excess lntensity at hlgh freguencies appears only in the mol_eeular spectra, so lt is most llkely that üre seattering neeh¡nis¡n 
'srotationar.' The frequency drlft of thls spectral tall lies in the

range ¡lt¡ich can be produeed by double rotational transltron" ro*n.rrr*
the tensor å. The bond poÌarizability nodel was used to obtaln
estimates of A and Er and for the estinrated. values of E the con_trÍbution of single and' d'oubre g transitions to the overall ctRsspeetnrn ls small (except of eourse for SFr, where A = 0.) ff tne
values of E !¡hlch r¡e have used were underestimated. by a faetor ofabout 2'5, then the .ouble E transltions r¡ould be able to accountfor the far tatl for eHu and' cD4. For cFro, the sl0pe of the far tair
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FTGURE.6 . 6

conpari:on of the Ðcperimentàl and the calculated crRS spectrurn
¿ ur Lrlll,

The elçeri¡nental measurements are indicated by the d.ots (plotted
every 10 c¡n-I to 200 .r-1, then every z0 cn-I to 460 cm-l and'rn"n
at JJor 6&0 and 730 cm-l), while the upper curve is the DïD calcula-
tion shown i-n Figure 6 - Z, The 1ower cuïve is the CIRS spectnrm
calculated for CH4 with A -- I,2 å4' *¿ E - - L.Z Ã5 . 1.¡,e CfnS
calcuration begins to falr belor,¡ the experinental measurenents
past 400 cn-l. The contrib'tion of the terms in E to the calcu-
lated- crRs spectrun is very sma1l for the chosen values of A and E.

The intensity scare is in units of the crs seattering cïoss
section per unit frequency interval (r cm-l) divided. by the scat-
tering cross section of the Hz s(r) transition under the sane con-
ditions , uhen both gase* (Hz and cH4) are at unit density (1 nole/
liter).
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rucunu 6 - ?

cornparison of the Þ)cperj:nental and_the calculated crRS spegt:g¡r
for CD4

The experirnental neasurements are ind-icated by the dots (plotted.
every 10 cnr-l to 200 cn-I, and every 20 cm-l thereaft,er), wtrire the
upper curve is the DID calculation shrorrn in pigure 6 - Z, but with
the frequency scale compressed_ by a factor of 0"9 " ?he lower curve
is the .CIRS spectrurn calculated for CD4 with A = 1.2 Å4 or¿ E :
-]'.2 "A5. The cïRS calculabion agrees well with the expeninent,
though it seens to falL so¡newhat below the neasurements past J00 cm-]
The contribution of the terrns in E to the calcuLated. CTRS spectrum
is very small for the chosen values of A and. E.

.;.::: :: ..1:i:..:-::
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FTGURE 6 - B

co¡nparj-son of the Ðçeri¡nental anjl the calculatecl lrRS spsgtru¡n
for CF4

The experimental n¡easurements are indicated by the dots (plotted'
^ -l 1 'l

every 2 cm n to 6o cil*, and. every l0 cm-t thereafter), uhile the
upper curve is the DID calculation of Figr:re 

^6 
- 3. The lower cuñrs

is the ClRsspectruncalculated with A :2.2 Âa and E = -2,2 1\5,

rrrom 60 to B0 "*-1 th. calculated cïRs spectrum lies near the ex-
perimental measurernents, but for larger frequency shifts the observed.

intensities a,re far larger than the calculated values, The contri-bu-
tion of the terms'in E to the calculated CIRS spectrum is snall for
the chosen values of A and- E.
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prcung 6 - 9

Cornparison of the Þc¡rerimental and the Calculated CfRS Spectrurn
for SF,-o

everT 2 cn-l to 40 cm-I, and every 10 cm-I thereafter), utrile the
upper cun¡e is the DID calculation of !''igure 6 - ¿¡" The lowen eì.rrve

the CïRS speetrun calculated. with A = 0 å4 
"rr¿ E = 20 15. F?onl

inental rneasurements, btrt for larger frequency shifts the ealculate¿

spectrum is alrnost eompletely clue to tfre e4 term.
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ls too strallow to be aecounted for only by double E transitions.
In the ease of SI5r one has to invoke the nert higþer ord,er polar_izability, since the ealculated sn - ^r'd __ - rated SF5 CIRS spectrun is alread.y a1Idue to the double E transltions.

Unforbunately, the present experi¡nental results for gOrO donot ertend far enough in fbequency to nrle out, by cornparison be_tweenthe cHu a¡ld cD4 spectra, the posslbility that the excess in_tensity at very htgh frequencies is due to a translatlonal cïs
mechanlsrn. The very higþ fbeqency tall 0f the spect* ,*, ,"that case, arise either fron the effect of a very short =;"contribution to the parr polarizability ¡ sueh as frame distortionr,
or from the break-d.o¡rn of our crassical concelation functior, *"r__''curat'on' the tair ln the c*,o (stokes) speetrumo for exampren cor_responds to collislons ¡*tere the enerry of the nolecules is increased.
by rnore than 3 kT, since our calculation d.oes not incorporate thefour-fold enerry change of the cH4 nrolecules during these collislons
when deterrnining the traject,orles, it *i* probably be lncapable ofpredlcting ttre correct spectnun at such high frequencieso ïn thatevent, the crassical carculation of the spectrum vrirlhave to be re_.placed r+ith on,e based on the quantum ¡neehanleal descriptlon of U.ghtscattering,

t{e will nor¡ return to consid.er the translational crs spectnrn
and. sone nodlfícations of the sinple DïD model of the pair polar_izabillty, ïr the point DïD ¡nodeÌ, the polarÍzabirlty anisotropy is-]"î *rÞ" series p(x) = *-3 * (å *-6 * .n" (reealr rhar

p(r) = ril p(x) ,) A pertr¡rbatlon calculatrorrl fo* the diaton (He),
gives the asymptotic for¡n of p(x) asr
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p(x)=*-3+2,52 (þt *-' .

I,,t¡en we adjust. tl¡e coeffielent of the x_6
that the calculated óol agrees rÉth the
J-2) the for¡n of p(x) ist

p(x) = *-3 + o.TtU? x-6 + 3,?r f*l "-6 ,
.T-

This result for Ar Ís quite plausible'Tn tn" ,'eht of the
the ealcuration for (ue), , Repeating thls proceedure for
taking account of the CïRS eontribrution, r+e getl

p(x) = *f + 0,:1355 x-6 + ?.j2 cål o.
whleh is agalnreasonablein tlre light of the (U")e result.

For cF4 and c'5r ttre co*espondlng expressions for p(x) arer

þ(") = ,.-: + o,?rc3 *-6 = *-3 * zB,!3 #l *-t
p(x) = *-3 + o"Trjr x-6 - *-3 * 2?"06 rï.¡ --e 

G

E'or both cF,¿o and sF6, the coefflcient 
", *nT":ç-U term is about r0

ti¡nes as large as expected. on the basls of th¡e (Hu)z result, ït is
"l| "t""" at first nt¡ether this abrupt increase fn the coefficient ofx Is reasonable' The main feature whlch distinguishes cF.,4 and gn6
as a Sroup fron IIe, Ar and c'4r 1s just that there are F, atons on
the outslde of the ¡no1ecrrl".2

fn Figure 6_10 r¡e have plotted. the spectra computed for Ar r+ith
three values of the coefficient of the *-Í ternr¡ tt¡e coeffielent
n]; 

"tt""" ot 0, 2,5 and rs tl¡nes the varue of the coeffÍcient ofx terrn for the point uID model. since the transr.ationar- scattering
calculation ignores 

'nternal 
structure, the behavior of the Ar q)ecüra

as the coeffLcient of x-6 inereases¡ *rouJ.d. be representatlve of the

terrn of p(x) for Ar so

measured value (see dable

result of

CH4r and.



FIGURE 6 - 10

The Effect of a slort R3nge Te¡rm in tj:e pair porarizability upon
the CalcuLated qrectral profile

Three spectra calculated for Àr using the pair polarizability
function F(Ð = *-3 * l, *'6 are plotted. (onIy the unbound dimer
spectra are shown, )

A

o.68?9

0,1147

0.0000

gB.2

45.3

37.5

111,1

5r.5
t+2.7

ø{0"! rxe¡ øÍfì rner

The spectral profile swings upward. as A increasesr so that
the spectnrm becomes reratively more intense at. hi6çh frequeneies
r¡hen the short range component or p(x) becomes larger. llowever,
no abrupt changes in slrape are introduced by the short raïrge term,
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betravior of the nolecurar spectra und.en the sa¡ne clrcumstances,
The suecesslve Ar speetra becorne relatÍ-ve1y rnore intense at high
frequeneies as the short range component of p(x) gets larger, but
the donlnant change ln the spectra is just the increase in inten_sity at all frequengies. The spectrar shape is relatively insensi_
tlve to ttte for¡n of p(x), ?he large x-6 tsr¡ needed to account
for the excess intensity in the case of cF4 and g*5 cannot be :ru1ed.
out on the basi-s of the speetral shape sr.nce t'e spectral s'rape ls
only weakly affected, by tl¡e inclusion of trr. x-6 terrn.

fhe large short rangetern.p p(x)tor CF4 and SrU na¡, in fact
' arr-se because of the ina.d.equacy of the polnt DrD nrod.el in describing

the interaction of these nolecules. ïhe point ÐfD nodel is satis_
factory for large inte:molêcular separationso but for close encountersn
the lnduced' field's tnay varJr greatly over a molecular ùiameten " Theelectric field' at the center of the molecule wil1 be smalrer than its
val-ue near the co'lld'ng edgel so that the polnt DïD model, HhÍdì
consld'ers the fteld.s at the center of t'¡e nole",rren will und.erestimate
tl¡e lnteraction' rn the case of cF4 and sF6, tae tnteraqtton between
norecules in a collision nay be rocarized, at the irnpaeting fluorine
atoms ratt¡er than at the center of the nolecuÌ.e. This would account
for the unexpectedly Large *-^ .r^^* ¿u _ .terrn in p(x) r+?ren the int,eraction is
expressed- r-n ternrs of the distance fron the ¡noleeular center,3

The spectn¡n calculated, for Ar wrth p(x) = *-3 has an intensf-ty
greater than tl¡e obse::r¡ed. value at large fbequency shifts. ïnclusionof the shorü range x-6 tern will rnake the d.isa€reenent between theory
and experiment at large frequency shifts eve¡? lrorser A ¡nechanis¡n which
decreases 

f(x) at short ranges r.¡ould counteract the tendeney for the

r85
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hlgh frequency strift part, of the spectrum to beeone relatÍvely toobrigbt. one sucrt ¡nechanism is the so-cal'ed. electron overlap in_teraction, when tr¡o colliding morecules corne close enough togetherfor their electron clou.s to partially ovenrap, the erectrons w*Ibe compressed. into a smaller volume a6ainst the effects of thelr
electrostatic rqrulsion and' the pauli exclusion principle, and the
rnolecules rill be strongly repelled.. The conpresslon of the erectron
c1oudsa1soresu1tsinared.uctio4;in;:thepo1arizabi11tyofthe

nolecule' sinee the repulsive force betreen the ¡norecules decreases
e4ponentiarry wittr their separation, Ìre nay expect ttrat th"l"ng.
in t'he palr polarizablllty oJ the molecules due to erectron over_
Iap will also decrease exponentially ¡rith d.istanceà

10 see the effect of electron overlap on the shape of the spectrurn
we have inclucLed. in p(x) a ter:n n*rich falls e4ponentially uith
d'istance at the sane rate as the repulsive part of th. i"t";oleeurartLpotential"' The size of thls negative contribution was chosen arbi_trarily to be equal to one half the value of the x-6 tenn at the
dlstance of cl0sest approach ln collisions at room tempe:iature. Theexponential tenn sha^rary reduces 

f(x) at sl¡ort ranges as can be seen

'n 
Figure 6-u. r spectra eomputed with the inclusl0n of this ter:n arepl0tted in FÍgures 6-12 and 6-13 for Ar an. c'4r a10ng with the cor-

respond'lng spectra computed with the inclusion of onry an *-6 t"*.
The total intensity for each of the computed spectra is just equal tothe observed' zeroth noment of the approprlate ¡noleeur.e. There are noabrupt changes in the s'ape of the spectrurn acconrpanying the ch.angestn p(x) . Ihe relative intensity at high frequencles is reduced. inthe expected fashron by the incrusion of the erectron overrap term, i 

'¿-r.' lii::ì"ìi."::ì; ::.'
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and for botJr Ar 
"¡1¿ 

c'4r the spectra are too lntense onry ln tåe
intermedlate fbequeney reglon, By a suitable clroice of the tbree,,
para¡neters in p(x), the ealculated spectra rnay be forced to betterfit the obsen¡ations; tut to decide ¡.¡t¡ether the resulting paræreter
values are ¡neaningful, one really requires a better theoreticar und.er-standlng of tl¡e form of p(x), rt nust not be forgotten, for exampler,that the d'etailed. strape of the scattered light spectrum deperads on

:n"- 
t:* of the in-Lermolecular potential as well as the pair po'ar_lzability.

'ur 
concluslons, dram fbon the study of the transÌational crsspectrum, may be summarized. as follows¡ 

v¡H¿ e¿v

a) The sinple DrD mod.el 0f the pair poì-arizability yiel.s a goodfirst approxinatíon to the spectral strape" The spectral shape Ìsrelattvely insensitive to the fr
collislon dynamics. 

s¡¡v ¿orrl of p(x)' dqpending nainly on the

b) The experimentally

;,.t:

than the vaiue, ø|iì
observed zeroth rnomen.b , Ø[ll, , is

, calculated using the DfD nrodel; for
and n¡olecules that we have studied, ø.#l ls in the range2,2 times (ÅP)

rDTD '

larger

&e atom

!.2 to

c) rn ord'er to aecount for the d.iscrepency '.between 
the obserr¡ed an.calculate. lntensities, the pair polarizablJ.ity functlon nust benodifÍed, The additional contrib¡rtinns *^ ^t.

considered see¡n to be short ,"r 

touttons to p(x) whieh have been

erectron overlap and rrame .r.j;;:"i;:î::ïrïl_î:Jl;_.
ter¡ns tend's to increase the intensit¡r at lnternrediate and high fue_
quencies, naking the shape of the earcurated spectrun deviate f,urther
from the s.rape of the observed. spectrum than it does for the simple
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DfD ¡¡rodel_. ltris tendeney is partlally countered by
electron overlap terrn. The spectral shape seems to
range forn for þ(*) .

I

d) lhile the scattered. intenslty is sensltive to the for¡r of a/yl
experinentalry it ls difficurt to obtain infor¡nati"" .¡o;;-r;" :;of p(x) because the measurêd oua.n*.ì*rr rro^ r^^^__

because the measured quantity has been averaged over allthe values of x accessible to the collidlng molecules. lr""ki;;-
over a wide range of temperatures woul. enable one to select the
range of x values betng probed. in the coÌlislons; the infor:natlon
about the forn of p(x), obtained from measurenents of þg ;";";"I' wouÌd be particularily valuable because,Ít is ind.ependent of thetheoretical nodels of p(x) .

e) Finally, short range terms in â(v\ ;r¡ *^a
i.n slrape or the spectmm.". :;"r#i,;"#ïî:ï:::î"
sity to higher frequencieso The spectraof arr the molecures s'ow anabrupt ehange in the sl0pe of the cïs speetru¡n a{: hf.gh freq'enciesn
Translational crs ¡neehanisms cannot account. for the intenslly,,at highfrequencies.

F?on the stud'y of the higþ frequency spectral tails whictr occurin the cïs speetra of ¡uolecules, we may draw the folrowÍng concrusions¡a) The spectral conponent which appears (abruptly) at high frequenciesin the crs spectra of molecules is due to colllsion-ind.uced rotationalscatterins (crns) rd'rich arises from the higher order polarlzabllity
tensors of the rnoLecules. the hidt fbequency spectra are welL aecountedfor, in intensity an. shape, by the cïRS speetra calculated using
reasonable para¡¡eter estimates.
b) the nagnitud'e of the l0west order polarizabiJ.ity contribrirting to

the negative

favor a long

d)
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the

t'or

CIRS spectnrn may be

the molecules we have

determined. from

studied¡

I,Z * 0,1 å4

the spectral rneasurenents,

speetrurn falls
tt¡e effect of the

ottul = 
lo.ru I =

oa"u = 2,2 t. o,z

= zo*zi5

i+

E"r,
o

c) At very high frequencies, üre calculated CïRS
below the neasurernents, This appears to be due to
nert, higher ord.er. polarizability tensors.
at very htdr fTequencies nay be aceounted,
by the double E transltions. This allor¡sl:

of E 
. 
for CH4 asl

For CgU the excess intensity
for, in intensity and st¡aper

us to estinate the value

data because

transitions

would

invoked

frequeney tails
straightforward

of the higher

3,O + 0,5 Ã5

CF4 r ne cannot properly extimate E flon the
ascrlbe all ttre intensity excess over the A
transltlons * as a rough estimate we niay take

lo * 5 Ã5 , For both cF4 and. s6 , the ver:y far tail i-s too
hroad to be accounted for by the double E transitions, so it
seen that the d.ipole-hexad.ecapole porarrzabir.ity tensor must beto describe this part of the specùrrrm,5 ,

e) ?he CIRS speetrum not only aecounts for the hígh
of the ¡nolecular CïS speetra, but it also provides a
¡netÀod for e:çerlmentally dete::¡rlning the magnitudes
orden nolecular polarizabiÌities.

ltrol = lto,, I =

d) For

we cannot

to the E

EI
cF4l =
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}ÍO?ES A}TD REF'ERMÌCES

1' P. J. certain, p. R. Fortune, J. chen. phys. 55, 5glg(1g71)2. The polarizabilities of He. Âr- nr¡. rrriHe, Ar, cH4, cFþ æd S.tr6 are
0.205r, L.642, 2,633, z.g5 and 4,470 ^Ã3, """p""tirr.ty,the morecular dia¡neters (the parameter 0- of the I._J 6_12
potential) are ?.'5?, 3,8, 3.6g, Lt,?o a¡rd 5.51 .f, " The

:-H, 
C_F,and S_tr bond. lengths a^re 1.091, !.j3, and. 1,59 Årn CHþ' CF4 and SF5; the I nolecuLar d.iarneterl[r as d.eternrlned

bO' tne j¡terrnolecular potentlal Ís about 1,2 f.t¡nes the diameterof the nolecular fbane for each of these moLeeules. ?he
atomlc and ¡nolecular ¡nasses are 2ì 40r 16, g',and 1216 anu.
on the basts of the polarizabÍlity, size and. mass of the atons
and' nolecules, they do not seen to divlde lnto t¡ro distinct
groups even though there i.s a clear progressÍon to larger size
and polarlzability as one goes d.omr the 

.rist"

3. Hhen ne say that the interactlon Ís localize<l at .Lhe F, atoms
do not nean this too literally; we only wÍstr to draw

attentlon to the fact that the electron d.ensity is ress
eentrally peaked for nn. arrrl c,nI for CFU and. S_n5 than for Ar and
may nake the e,ffect of the fintte rnoleeul.ar sÍze
scattered íntensity relatively larger for CF4 and
Ar and CH4.

For the repulsive

atorns, see:

core potentials caleulated. for the inert gas

A, Abrahamson, Fhys. Rev. L30,

have used. a nultlpole ex¡lansion

CH1n, This

upon the

SF5 than for

4,

A,

5, He

6% (ts63) .

to d.escrÍbe the angle_



depend'ent lnteraction betneen two molecules Þftrich a110rs
t'¡e crRS spectrun, A nod.el hùlicl¡ represents a d,ametrically
opposite vier+polnt, is to represent the angle_dependent
interaction as being d.ue to (point d.ipole) atom-aton inten-
aetions betreen the outer atons comprisi-ng the two collid'ng
¡nolecules (seer R. A. stuckart, g. J, l,Iontrosê, ?. A. litovitz,
syrnposia Faraday soc' lln g4 (tg777.¡ ,,,hile the scattering by

' sucl¡ an aton-atom lnteraction would. be much smaller than for
the ind'uced quadrupore a¡ld. octopole interactions lre have con_
sidered, it couldverywell eornpete r,,th the incluced. hexadeca_
pole interactions; for tetratredral and octahedral ¡nolecules
tl'e aton-atom and. hexa.d.ecapole polarizabirities ¡+irl both
lnvolïe moments of the J-th rank (see¡ A, D, Buckingha^rnn
G' c. Tabisz, llo1. ¡¡y", 36, SB3 (rg?B) ,)




