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Abstract . 

An account is given of the relation of the theory 
of tne Ramc:1.n effect developed by Plac s ek to the theory based 
upon the Kramers Heisenberg dispersion formula . The equivalence 
of tne two is shown in the general cc.se. 

An outline is given of the _proceedure used by 
Prof . · . v . Houston and the writer in evaluating the integrals 
resulting from tnis theory for the intensities of the 
individual rotation lines for molecules of the symmetrical 
top class . 

The results of t1,i s calculation are verified exper
imentally in the case of ammonia gas , using ci.Ccurate photo
metric technique. It is snown ( 1 ) tlYt the gen ,ral intensity 
distribution over tne pure rot&tion tand is as predicted ; 
(2) tnat tue effect of tile nucle&.r s_pin of the hydrosen c.torre 
mu t be taken into c:1.ce;ount ; (3) that tlie rel·tive intenbity of 
the R- bzmnch lines and S- branch lines corresponds to , mole
cule w icn is ne&rly planar, in agreement with re8ults from 
tie infra red spectra. The frequencies of the rotatlon and 
vibration lines are also discussed. Tne line at 3219 cm- 1 
ls inter,Preted a.S due to tne unsymmetrical vibration of the 
hydrogen nuclei, not previously observed . 

The rotation structure of a series of the sim1;1ler 
nydrocarbons , as ,ell as carbon dioxide, has been inv st 
igated. 1ethane shows no pure rotation, in agreement with 
theory. Tlle rotation band of acetylene has been obtained, 
and gives the value 23 . 45 •1 0- 40em cm2 for the moment of 
inertia. Ethylene snows a structure with slignt irregularities 
which have not been fully accounted for; the moment of inertici. 
is founa tu oe aJ.-)proximately 30 . 1 • 10 - 40 gm cm2 . An inter
vretation is suggested for the results v,i th ethane which 
yields A 38 . 2 • 10- 40 gm cm2. The resolution in the case of 
c~rbon dioxide is entirely unambiguous, and gives 
A 70 . 2 • 10 - 40 gm cm2. 

Charlton M. Le is. 
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1. 

=ris tori cal development 
------------------------

of 

e.man effect theory. 

Smekal' s consideration(l)of the modification of the 

frequency of light during scattering ,•.ras based upon the cor

;,uscul ar description of light quanta such as is employed in 

aiscussing the Comriton effect . Kram.ers and Heisenberg ( 2 ) 

sho ·:ed that the same l)henomenon could be predicted by ~he 

7ave theory of li~ht . I'reatin, the 2,tom by ~nrely classical 

analyRis as a mul ti:1ly rieriodic syst 3m , they expressed its 

electric moment , when ~er~urbed by the fi~ld of qn incident 

light wave , in ter!.,s of an ex9ansion 'fhich containecl. not only 

the frequency of the incident li 0 h-1-, , but-, combinations of this 

.. i th the frequencies chrsracteri a tic of the ato:n. The coeffi

cients depended u~on the contact transforma tion from the action 

and angle variables for th0 unperturbed syster-1 to those for the 

perturbed system. 

At this ~o int the transition was me.de to q_uantum theory 

by means of_ the corres::_Jo nclence ~,rinciple. :'he free:uencies of 

1,he mnl ti~)ly i1er iodic system ''ere replaced by +hose a eeoc is,tecl 

by the usua,l rule • i th transitions frori the inj_ tial stationar:; 

state of the system t o some fin~l state . ~ach coefficient in 

the ex:9 ~nsion became ei:;sentially a su:1rJation , over all :9ossjble 
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inte::.--nediate states of the system, of the :product of t he tran

sition probability from the initial to the intermedi a te state 

tin.es tha t from the intermediate ··~o the final state. 

The essential feature of this mode of at ~ac ~: is the ap

uearance in th e intensity expression for each shifted line of .. 
a summation over all excited states of .... he system. The Hesence 

of these intermediate states therefore becomes an inte3ral :ya.rt 

of the physical picture of the scatterinc·; process . It 10 im:por-

tant t o note th~t this Jhys ical picture of ~he process as a 

11 doubl3 jum_ 11 rests solely u:ion the dispersion formula . In 

other v:orcls it dc~Jends upon the mathematical 1:1..Etchinery by 1:.hich 

the Yraraers Heisenberg formula vrns deduced , and could not be fore

seen by purely :9hys icaJ. reasonins before the problem ·ms trans 

lated in+.o a r;1athematical fo:r.."IIl. 

Keedless to say the later ri~orous quantum-mechanical derivations 

of the forr.1ula (3) do not alter this conclusion , but only sub-

s ti tu te a ner m.achine for the O.Ld one. 

As a result of this ~ethod of derivation , the phenomenon 

of the Raman effect was fo::;: several years interpreted P-iysically 

only through the double jump )icture , a nd. depended for its quan

titative treatment entirely upon the Kramers-Heisenbers f ormuJa . 

J uch information was obt ained from th.i.s point of vier, . 

:.,'o::: example , the surprising fact , :9 oint,ed out by '. ood ,(4Jthat 

.::.lternate rotation lines .. ere missin:; in the :S.nman spectrun of 

HCl was soon explained on t hi8 baA1·s . I d 
- - ~ nor er ~ 1at the state p 

may combine 1··ith the state q in the Ranan effect the double jum:1 
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-'.'licture of the ::;i:rocess rec:.uJ.res that q_ nay co. bine ·. iti1 sor:1e 

0
--her stater in ord.inary emission 01 absor:;ition. 7o :'.'.)roducc 

any a};)preciable intensity , there must be many levels r for 

y·hi ch this is true , \"'hi ch me ans ti1a t t.1.ey must belonc:, mainly 

·t d elP.ctronic states. The Raman selec~.ion rules are to e::c1. e. _ 

therefore to be derived from the rules for band snectra. It 
) - ' 6) 

by R::.s"'ett.1' ( 5, Hi"ll and K0 mble , \ and ~as clearly pointed out .•. ~ -

others , t.hat this required. , for diae,omic molecules r:hose ground 

electroni c levels were ~ stat es , that the rotational c1uantum 

number J must chan 6 e by O or ±2. Fer molecules in a 1T state , 

hoY1ever , 6 J mi 6ht aloo be 

could ti1.en be O as v ell as 

± 1 , since for band spectra b. J 

± 1. This has been confirmed by 

asetti in the case of the molecule no .(?) 

But since this nethod of analysis requires a knoDledge 

of the selection rules for band s::91.;c t:r-a , .: t is not adapt-ble 

to polya t onuc molecules , for ,·,hi.ch in general electronic tran

sitions have not been studied; this is a serious limitation. It 

is true that one can make definite predic -'-. ions by assumin::; that 

the electronic chan 0 e does not affect the usual selection rules 

'hich are valid in the infra- red. But such a basis for theore 

tical predictions is hardly satisfactory. 

s_a matter of fact selection rules obt ~ned in this 
~ay for ~ot~tion lines turn out in general t o b~ correct in 
polyatomic mo l ecule~ . _he dependenc e of the rot ational selection 
rules upon electronic s ~ruc ture , mentioned above for diatomic 
molecule~ , does not hold in 0 eneral . This is because it is con
necte~ 11.~h the impossibility of defining relative to the nuclei 
an azimuth about the molecular axis . he coordinate associated 
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\-- i th elec tronic anc;ular n omenturr. ar ound thi s axis is t her e-
fore one of '~he coo:r dinat e .'3 fixing the ::JOs i tion of ~he sys t en 
in space . . / o r this reason in linear molecules t h e component ~f 
electronic an

0
ular momentum a long the axis J l o.ys th e saLte roJ.e 

in selection ruleo a s the same com_1 onent of angular momen "~un,} 
{ easured b y K } due to nuclear motion in :9 olya tomic molec ules . 
:i:n l)oth cases th e effect i s to :-)er mi t Ll J = ± 1 in the :.aman 
effect; but ,;hen the a nc;ular momentum has no comiionent alon,.,_the 
axis ( TI states , or K = 0 ) , 4 J i s limited to O, ± 2 . Thie 
connection bet' een elec tronic and rotational T'lotion for linear 
molecules T'lay be compared to the relation be 1.v:een vibrational 
anc' r otational motion for linear p olyatomic molecule s , such as 
CO2 and C2H2 • In th i s case the coo1·dina te If> , nominally 
a rotational coord inate., becomes associated r:i th the vibration&.l 
ltlO t ion. 

On ~he o the r hand , the intera ction of vibration a nd 
rota tion in degenerate vibration in non linear polya to1.1i c 
molecules , di s cu sscc. by Teller and Tisza 8 / is not t he same 
phenomenon. ::::ere the vibrational motion s may involve <.i.n :;ular 
monen~um as before , but they are en'irely s;ieciried by coordi
nates r;hich c an be defined relc..tive to t-he eouilibrium uosi t ions 
of the nuclei , a nd s o d o not encroach u~on t~e realrn of- ~he 
rotational co ordina te s . In this case the effect of the inter
a ction i s to chan~e the energy levels but not the rotational 
selection rule r.o . 

In the mat ter of i;redicting v ibrational se lect ion r ule s 

for the 1lame;,n effect fro m the double jump ~J oint of vim·: more dif 

f 1cul t y i s experienced. In band s:)e c tra 2..11 v::1lue s of .1 v occur; 

for a g iven electronic jump the F r an ct - Condon ::n1nci:ple may be 

used to di:::; '~inguish betr, een thG prob able and. improbable vibrational 

transitions . Van Vlec1c( 9 ) J oint o out the difficulty thLt --chis 

produces: i n certain c as e s v ery l arge changes in V nre favored 

ar.; v:ell Rs sm::.11 one s; if V i l a • th .C' • 
D rgc 1n e .Lirct j ump "' nd small 

i n the second , ( or vice ver•,la) t 1ne net ·b t · al 
J v 1 ra ion chanee ob -

s0rve d i n th9 R2.r.1a11 effe ct ; ill be lar,e; h~ ·ever large chan3es 

are no~ ob serv ed. 
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The ans "er .- hi ch Van Vl eek gi ves i s t hat the larg e va lues 

Ll v r equire a l a r g e chang e in p has e i n t he vibrat iona l 

mot ion s ome t i me s as much as 1T • Therefore for ~ny gi v en 

v, the contributions t o the in~ensity from intermediate 

states 1.7ith different vibrational quantru11 nu bers • ill be out 

of Jh ase . For omall l'.l V the p '1ase dis ac:;reement •. i 11 be s l ibh t , 

s o that the contribu tion s of the various upJer states ~ill com

bine more d'fe c tively . 

... r1uali tati ve exJ l anation of the absence of l a r .;e chc,IlG3S 

in 'T. can also be based. u-9on 11robabili ty rD,ther t han Jhase dif

f arence . 

::::.,et u;:; de·1ote variou s vib1·ati on2,l lovel-c; of -::.he electro

n ic ground stc. .. te by Vn , a n rl of the int err:1 ediate excited state by 

V' ; con s ide _ only molecules ini ti ally in the s t e te v
1

. he n 

Franck - Co ndon princi) le no·:. de+.ermines t .. :o nost probabl e in ter-

med i a t e s '·a t e s , Vi and v2 ; :i.i'rom Vi the r1o l eculc i o nos t l ikely 

to 1·eturn ' o ei'·:i1er v1 or v2 ; from V'~ i~ is mos t lilccly to 

re ~u rn to eithe1· v1 or v3 , 'here v.2 and V3 '.:l,rc d ete:i. minec1. by the 

same princi_le . /,Jsrnn:·.n_; , 2:.s a sh:Jlifyinc a:p::i::oximat i on , eo_ual 

:9robabiliti eG fo r the tr·o choices in each case , one f..:. nds tl1<..:i,t 

one half the Raman transitions end at v
1 

and one quarter at each 

and V,;; • Thi s i n itself'; oul Q- no t ~~ ,. ,,e.,..y s1·~ni·f· .,, ~ 
..., v _ , • ,.:', 1 Cc:cn ·J • 

:;::;ut one r1Ust renenber that all excited electronic ;:, t :..1,tc c must be 

consider ed , 2.nd th.qt in .:.eneral for eac : on9 ,..he c orres~)ondinrs 

V ' lue s of V 0 e..nd V,z ·:.ri ll be c.ifferen .... ,. JO '.7e have h2..l f of all •· ,.J 

the Reiman tran s ition '.1 endin1 nt v1 , ''ith ·' h e other half G)lit ti11R 

their vo ,,:;e nmon s al 1 o thor vibro..ti anal s t a tcs . In thi::: analy 'J is 



... o st tes on e·1,ch side of 7n it,... .lf. ::once t:-10 '~:::-anf"'i-:ion V1 

➔ v1 re2.:Uy neans only t:1at L1 V is small , no·1:. t .. at L1 V=O . 

l'!'o attempt 11-=.s been nade to ma.Jee thi'J trentr.1ent ri'-'orous . 

·.eit.1.er it nor that of V8,n Vlsc·: , ou tli ned above , is intended 

a.s iOre than a helT~ul q_ual~tacivo inter~uet'ltion o • ~ho 2,0.,on 

ce from e1e :' '1.1.S,n effect of ltw __ ,,e changes in vil:,ra~ion. 

To Jiv0 definite information it is neccssa~r to ~urn fro□ 

the rather unfruitful double jurQ ~icture itcelf to the corre~ 

forr.,ula. V ,n 1llc c'-: si l.i:)l::fies thir' ·:'orr,,t.lo,, by : ethods to --·hich 

\:o shall ~eturn _J e~cntl~ , suffic1qntly to explain th2 ~bsence 

of 1~.r0 e vibrational tranf' i tions . '.:'ho '·hsory is aca:Ln , ho·. ever , 

unable to mwco furt''ler --~1·0 ;ress in tho Jol:·.q, ~onic ca.::;e ; for 

exa :,lo , <,uc·. CfLes:~ions as ·"hic:i1 normo,l r;1odeJ of vibratio·1 are 

::,ernitted in the .cJ. an effect c·::rnnot be '-,ns·::e::-ed . ....,his f:1.ilure 

of the theory at fi ra: :.ed to m· c11 co'1fusion in ·~he correla',ion 

of Lc: .an effect data 'I.' i th that of the infra- red . 

The difficulties and shar: li1'li~2, ion;::; t ... 1a'~ have just be:;n 

dr•scribed become readily understandable , h~n tho foundations 

u:ion rrhi ch the theory is 1 aicl arc exa,mined. 

One of the strikin3 characteristics of r,mny noJ.cc11lar )ro 

blems is the extent to ~hich the vibration and rotation of the 
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nuclei c&,n be diG cus ood ind.e ')eno.ently of the elec t:'.:'oni c 

functions . .r. • r n ea'~ 0 ctr~ j'o::..· exe,mple in the theory O.L inJ.rc.~- r ..,_ ~ --" 

vei;1 little need be saic. about electi·ons . ith the early 

treatn'ent o .. aman f effect by the dispersion formula ancl tl1e 

resultin-., 11 double jura:p ·, ::)icture of "che process this \,as 

clef ini tely not the case . :Because the intermediate state was 

an oxci t ed electronic st ate , it ··as cont inua,lly necessar:r to 

d:~scuss electronic func ,io ns , ste,te,, , and selection rules . 

~- o )os sibility of --:W~id in r-; this ._,·as a~):'.)aren t , in snite oI the 

vei7 SU 0 5e'."'tivc 2,Ct let 1 11 rte .,_,aman e ieC ev -• f tl t • t· 1 f.r. t "'S ac-'-vualJy 0 10 -

served no net chnnge of electronic ::, t ;.tc '.:;L -:es ·)lace- - ': i th 

( 
ri • 

one lon c exc e) tion. 1 

In ordc:r.· to understand this failure of the t:i.1eory to 

take .,cl.vantage-- as is done in the infra- red-- of the 1articu 

lar characteris t ics of 'che problen , i t 1s helpful ~o notice 

the f ollo·rJinn- lJOin t r: i th re ..,nrd to the Kro.mers - HeL.,enber:., treat

ment . r ·1.ese au-~hors use the ·:ord II a+:om 1 r2.thcn· than the r>'ord 
11 

mol 0cule ' · '.::his 1s c~uite natural , and is no lir:1itation , of 

course , u_1on .,,,he a7plicability of their rermlts , since the type 

of functions and onere;;-ir levels that e,p:pear in t he final formulae 

have only -~.o be ...,eneralizec~ to include , uclear as well as elec 

tronic motion. But it i s si3;nificant that the mathemati cal ma

chinery used in the derivatio n is des26 ned :)rina: ily for the case 

of electronic notions aJ.one. J s a result , the final expre ssion , 

generalized to include nuclear motions , iB in a form ,·;hi. ch cannot 
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readily ~a~e account of ~articular pioJcrties ·h:ch are 

ch~1.r act er j_ s t i c of the mol cc ul ar sys ten. 

rrhi s difficulty may be rer:1edi ed in ei thcr of two vrays . 

One of these- - actually the second to be develoyed-- is to 

a:;ree e,t the start thr~t only molecule □ and not ato1:1s are 

":;O be discusGed; a distinct theoretical pro c edure can then 

be developed in which th~ ,roJerties peculiar to molecules 

ar<J made use of to sim:'.:}lify the !)roblem before it is trans 

lated int o mathenatical form . ,..,his I"lethod entirely avoids 

the complex superstructure of excited states v-hich destroyed 

the usefulness o f the mo re general dispersion formula . It 

giveo a · simple anc: direct physic2J. ·Jicture of the Rz,1.Li.n ef 

fe c t without use of the double jump idea. laczek has put 

the t!1eory of the Paman effect on a nev, basis by his thorough 

devel o:9rnent o f this lJO int of vi er,. 
' 

~he other method a cc epts ~o a starting point the disper 

sion formula in its usual form- - ·Jhich nas ori.3inally dcri vecl 

Gpecially for applica ,ion to atoms and then generalized to in

clude molecules . The :·nopcrties :peculiar to the :r.ioleculv.,r case 

are then em:)loyed , and by their· mean-c; the formula i s onc e 

mor'; opecic.J.izeci so that it is no lon.c:;er aJplicable to atomG , 

but is ~ell suited to the study of molecules . Both these 

methods rest u ion the sru1e basis-- nanely , the recognition and 

a : plication of the :9a:•ticular charac~·eris t ics of the problem 

at hand . In one case the sim•.1lif1cation io a.,,.,.:1lied before the 

problem is put in mathematical form; in the other , it is intro 

du c ed afterwards . 
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The second method, the specialization of the 0 eneral 
(10' 

1 , ,,__een carri eel throu.o.:h by ranne,back J dispersion formu a, nas u ~ 

for the case of diatomic molecules . He followed the same 

course developed independently by Van Vleck, referred to 

above, but pursued it much further . This depends fundamental-

ly upon the separability of the wave functions into electronic, 

vibrational , and rotational. part 9 , and upon the large diffe

rence in magnitude of the energies associated with these three 

types of motion. rt proves possible to carry out the summation 

over the intermediate states so far as the nuclea,r quantum num

bers are concerned. The remaining summation involves the elec

tronic states; but it is the same for all rotation lines of a 

band , and need not be evalU/'3.ted ex9licitly . The whole effect 

of the electronic functions is contained in this aummation , 

Hhich can, so to speak , be represented by a letter and dismis

sed fr'om one ' s mind. Thus aall the problems of intermediate ex

cited electronic states are solved , and one has left only inte

grals over initial and final states of the vibrational and ro

tational functions . These integrals are carried out by ranneback, 

giving intensity distribution and polarization of the rotational 

bands for diatomic molecules . 

l~anneback mentions , almost in passing , that the c ompli

cated surrrnation which we represented above by a letter is actual 

ly the polarizability of the molecule for the special case of 

fixed nuclei . This is a very important contribution to the 

Raman effect theory; for it leads us back from the tan 6led neb 
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of the disnersion formula and its double jum:9 to the simple 

physical concept of polarizabili ty. I annebaclc ' s chief interest 

is in the resulting simplificati-on of the formulae , and he does 

not point out the physical picture of the Raman effect which is 

su -"ges ted . In fact , from the somewhat involved nomenclature 

that has to be employed, one is rather led to believe that this 

sudden popping up of so simple a quantity as the polarizability 

of a " rigid II molecule is largely a matter of coincidence. This , 

of course , is decidedly not the case. 

On the contrary it suggests that such a quantity should have 

been employed from the start; and that it might have replaced the 

con:9lications of the dispersion formula all the way throue1 , in-

stead of appearing only at the end. Placzek ' s analysis, referred 
Cl.''h qJ' 

to above , accomplishes just this ,!\ as one 1:1ould ex1:iect, leads to 

just the expressions clerived by 1:anneback by the longer 7inded 

method . 

Kramers and Ieisenber~ expressed the electric moment as an 

expansion containing all the frequencies of the system , including 

those of the electronic motion. Once this mathematical ste!) is 

taken , it is difficult to separate the electronic ~art from the 

rest . Placzek , on the other hand , writes the electric moment as a 

function of nuclear coordinates only , neglecting the high frequency 

variation due to the electronic motions . Thus only the nuclear 

functions are involved vhen the problem is translated into the 
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t , at1· c"l lan~1'a- 0 of o_ua,ntum mechanics . mn. n em , ~, c • w ,::, ~ _ 

-:is procedure may l)e justified in two v:ays . 

~he employs is c1.:r1 ari::rnnl over the head. of the dispersion formu -

la to the physical principles at the b~sis of the scattering 

)rocess . The second is an aJpeal directly to.the dispersion for

r.mla , r1hich , 7hen simplified by such a :JI·oces:::; c1s: annebac~:: uses , 

::;i ves the same results . But !:anneback ' s derivation was limited 

to the s!)ecial case of diatomic molecules . It does not appear 

to have been appreciated that the same methods can equ2..l ly -rell 

be ap:rlied to the ceneral polyatomic case . For exar~::_)le Placzek 
(11, rr) 

says , •1 This method i s fairly troublesoy1e and can be 

succesaully applied in the case of diatomic molecules only , as 

the knoY1ledge of the l}ro:;;erties of the excited electronic states 

necessary for carrying out the process is not ~vii lable for 

polyval ent molecules . " In order to make clear just v:hat 2.s -

sumptions the process requires , 1ve shall no: carry thro,1.
0

h for 

the eeneral case the derivation by means of the dispersion for 

mula of the expressions at which Ilaczek arrives by II physical 11 

reasoning . 
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Reclu cti on o f the Di s-'.)ersion _,o rmula . 
-----------------------------

In this section 1·.e shall follo\": closely the method used 
( 

9 ) b r b k ( 1 O J f r trans -by Van Vleck a nd more extensivelv y . ruina ac o 

formin ~ the disp ersion formula, into a form ada_ ted to t he dis 

cussion of diatomi c molecules . It \:i 11 be shorm , ho·::ever, that 

th is analysis Ci:.t.n _ ... _,. be ap -pl;ed .;n the general as well a s in the 

diatomic case. In this wa3 it \ ill be poss ibl e to justify from 

the quant um mechanical point of view the intensity expr e3sions 

which laczek has derived by the correspondence principle from 

what i-:e may call t he II polarizabili ty p icture II of the Raman ef-

feet process . 

TJhen light of fre quency 
falls upon a ~as , the ener-

gy se.a.ttered per second per molecule , \',ith change of frequency co r -

re sponding to a trans i ition of the molecule from the state p to 

the st a te q , is given by 

u l r tl = 't;: ) ¾ ( r t) /1 L v ( n-l + v. J'1 
1:(pq) is the matrix elemen t of the electric moment induced 2n the 

molecule by the field £ 
of the incident light . 

It will be sufficient for our pres ent purpose to discuss on

ly the X comp onent of the moment induced by li gh t pl ane pol a rized 

in the Z direction , since the re sult ,e shall prove can be exten

ded at once to the other components . If the p ositive and neJative 

dispersion terms are written in one summation , the general 
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Kramers Heisenbere formula then gives 

~ x l?1l = Jr }; { Y\\~l~h) 'ht; h) + ~¾~ lat) f'rl'z Lrhl} (1) 
ii. Yh ci,., + Yo V r-i - \Jo 

p , r , q , represent all the quantum nu0bers of thersysteffi in the 

initial , " intermedi ate " , and final states , res .'.)ectively. The 

quantum numl1ers r run over all states of the system , includin0 

the continuous re
0

ion of excited levels. r5c(pr) is the p ➔ r matrix 

element of t:P.e X component of the electric moment :for the system 

~hen n ot nerturbed by hny external field . It is therefore given 

by 

where f is the complete vvave - function of the unperturbed 

system, includin3 nuclear as ~ell as electr onic motion; and r 
J, 

is the X conponent of thP. electric noment of the molecule. Specific 

expressions f or PX ~ill be introduced later . 

It i s already assumed in (1) that V0 does not coincide 

1ith a characteristic frequency oft e molecule . 1e shall further 

limit the generality of (1) , but only in respects which do not 

:prevent its a:r>plication to the Raman effect as ordinarily observed . 

That is , ·;e assume excitation with Yisible or near ultra- violet 

li 0 h t , and c onsider only those Raman transitions v1hich do not in

volve changes in the electronic energy of the molecules . 

The reduction of formula (11 depends fundamentally u pon t he 

separability of the ~ave functionP + into electronic , v i brational ) 

and rotational parts . Tt involves also , as v:as pointed out i n the 
----

~ - --



last section , the notion of the electronic ~olarizab1lity of 

the molecule when the nuclei are held fixed . In developing the 

first of these two ~oints ve depend upon the treament of Born 

h • ( 12 ) d t k d f. • t th d and O~pen e1mer· . In or er o ma. e more e 1n1 e . e egree 

of a~proximation that is employed re shall sketch as briefly as 

possible the essentials of their method as well as the result . 

Let x1 , Yi , zi be the cartesian coordinates of the elec

trons ( denoted collectively by x), 1th respect to exes X, Y, Z 

fiXed in space. Relative to the same axes the coordinates of the 

U nuclei 8,re Xi 11_, Zi ( denoted also as X) . These can however be 

expressed in terms of 3N- 6 variables r~ (X) '\• hich depend only 

uyon the relative se,aration of the nuclei , an' six variables 

• 'L hree of the latter loca te the center of gravity of 

the system in space; the de~ende~ce of the solution on them is 

trivial , and need not be considered. ri:'he remaining three 6 ive 

the orientation of 'the t1olecule in s1,ace , and may be taken a.s 

the :'Juleri an angles BI f 1 + ; we shall si)ea.k of these as 9 
The ~ramilton ian is no1 1 ,rritten in t·ro parts , v,rhere 

Ho re:riresents the total potential energy toisether -ri th the elec

tronic kinetic energy. re 4 H 1 . e;i ves the kinetic energy of the 

nucle i. ){ is the smaJ.1 quantity (m/#, where mis the w ....... -css 

of an electron , a,nd r-an average of the nuclear mass es . 



variablef' f can also be ··ritten f + 1-f j , --here 

deno t es sri.12,L_ cviations o: the n 1clei fro1 tte ·oc:i_ tions 

, · ·hich iray , in ·rticular , ....,i v e thei r iosition s o: 

e quil ibri 'm. 

~ach of the _uantit i s o ' · f i,.. no •• e.x 1anded in a 

·1 0 • '3T s Jries i n t erms of the snn.l. n_uantJ. ty )(. 

~ettin equal to zero t 1e co effi c ient~ of su ccessive ~·ors 

;y 

'he zero order en 11'1tion (}{ = D) is 

( H: - \t/
0
) t O == o 

"

1

1is is just thJ ·ave e.t tin :i.or t , eJ.ect:o'1ic r1O,.1on .. rl"n 

t~A nuclei r~ he l " fixed at ~he nn~i~ i ons r 
~inc 

ae "ell 

f) &. 

cont a n~ t 1e not en tia encr • y , , ·h1 c· 
0 

•ill ,· )en 

-.- t f O (x, f)$) b ooluU.on of ( r.., -.J 0, 
' ... 

~ol u t tion if r: il tip1.>-,r1 ,Jy ", 1 ·.rbitr;i, ? : ~- ct1on ., 

. it r'.;! ~i - f' 

o: e .nd 

(3) 

( t) 

_..__ ________________ _ 



5 an . 
- ro"'~ :i.n 

r ,r. in 

e u. -1 to 

~tF' 

J~ 91' in 

~ ,lone , i ,_ i '-,o 'Je co· p~ 

• io -= c'" r :"eC'"' n J. C'! 
V ;J _ i;r"ld 

in the z r 'l. 

uni t~r . 

. 
o· P' - J co 

n C ""'i . -

• 5 

i.,... ord ,. ... \, t 

1 i 

f ction cf 

t nt 

1'. c-':;ion 

e ~ 

a 
• -1-. , .. e s 

. 11 ' ne inclu (\ C, 0 l_y p .... tI'~ .i.., n • o x J.r",8- u 1 on V 

t 1 e e;q:ian""'ion r LI } fo • t -1- to i~ not com-. ~ 

or : • er"l'\_.,s .. lei ch n,_; 

(s) ;,. t·10 

~~4- l~) motion , • ·_il,, 

,n • is the i __:e;n:1 r.otion of the rot"'.tirq l 1~ tion . 

rni e COIT'")lctely . 

in its 
) y \ I (4-) 

-'w o 1..\_1(1. V\J 
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the electronic , the vibrational , and tho rotationa,l :-ar ts 

of the enersy. Interaction terms enter only vhen ue 0 0 to 

hi.;her appro:ximations , and 7e shall not conGider them. '_his 

degree of a:pproxinat ion co rres;_)onds to that employed b;--, 

1:anneback for diatomi c molecules . 

·:e nay no,·, pro c eed to the discussion of the :pola

rizabili ty of the·' ri...,id " "nolecule . Let us substitute the 

zero order functions (6) in the inte-::;ral s of (lJ, 2 .. nd use 

the corresponding zero ord8r energy values .:~ to calculate 
. 

and in the denom$nators . i e denote the quantum 

numbers of the initial state p by n ', s ', r'; of the inter

i:1ediate stater by n , s , r; and of the final state q by n" s"r" . 

Since the nuclei are held. fixed , Y!e mey choose their positions 

in such a ·1ay that the axes x , y , z coincide ni th the fixed 

axes X, Y, Z • . :e may then denote the va rious components equally 

well by small as by large subscripts . In this case the depen

dence upon the angles a becomes trivial and 1.'1ill be ornittedo 

Ve then obtain from (1) 

and 
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The part of the electric mcment due to the nuclei is 

fo ~· fi·xed nuclei it is constant . It could there-omi tt ed , since ... 

fore contribute to the value of the integral only if n' = n=n 11 
; 

the t ,·,o terms 1· n the bracket of ( 2 ) are equal but in this case , 

and opposite. 

\L, no\v set n"= n ' = n
0 

v1here n
0 

represents the normal 

( a ) • th X component of the elec-electronic state. Then 1 gives e 

tric moment r:hich is induced by the incident light in the mole

cule ·when the latter is in the .lli?_tmal electronic state , and vrhen 

the nuclei are h_~ld fi_xeq. -te may therefore vrr i te 

¼x l~ D,'½ O) == rz o< -zx (vOJ r) ( 11) 

r,here o(n LYoJ f) represents the 11 zx II component of the polari -

zability o(. of the rigid molecule for the frequency Y
0 

• It is 

se en to be independent of the electronic coordinates . It does , 

horrever , d.e1Jend :parametri c ally u 1)on the paxticular positions at 

which the nuclei are held fixed . 1his results from the ::mrame tric 
a, 0 

dependence of 1"" upon f , \'lhich is carried over into (11) . 

Gur objec t is no-rr to show that Y!hen the nuclei ar0 no lonuer 

held fixed , but are allowed to vibrate and rotate , the electric 

moment (1) can be expressed , to a certain degree of a:9proxirnation , 

in a forr:1 which depends upon the electronic functions only -:~hrough 

the appearance of the electronic :polarizabili ty o(. 

It is seen from (8) that the electronic energies are of a 

higher order of magnitude than the vi bra ti onal; therefore rre may 

consider that ail the molecules are initially in the ground 

electronic state. Since we shall limit ourselves to Raman 
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transitions in which no change of electron•ic energy takes 

place , the final stat e ·,,ill also belong to the ground elec -

troni c level . Therefore 
I II 

'y\_ = 'VL. ::::::. '\I\, 0 

In case the ground level i s degenerate, it will be 

necessary to sum over a ll the degenerate states , both initial 

a nd final ( in addi tion t o the sum over all excited electro

nic state s aJ.ready included in (1)). This will also be true in 

equation ( 9) . The reasoning employed will not be affected by 

this summation , and for sim9l icity it will not be writ ten ex

plicitly. 

In the denom~nator in ( 1) is the ex-.9ression ))"P+Y0 

In view of (1 2 ) and the expression f or ,.., in (11), this b e c omes 

If now ve consider only visible or ultra-violet incident light , 

a r e negligible beside 

the t wo denominate r s become v"-'""o + Vo and '1 
•
1 

v"""" - Vo. 
0 

, so that 

This elimination of the energy of vibrati on and rotation from 

the denomi,nators is es sential in order that we r1 ay :presently 

carry out of the summations over s and r . 

In the summation over n , the only tern s of -sie;nifi 

can ce will be those for whi ch the denomJ nator is small. ='his 

:Jill never be true for the first term in the bracket , since 

the molecules are initially in the ground electronic state , 



s o that -d cannot be n egative . 
~110 

It wi ll be t rue for t h e 

second term only if \ 1 is large. Therefore v,e need con -
v'1'1?1o 

sider in the surnr.1ation only terrr s which re,resent an electro

n ically excited intermediate level. That is, n =/= n
0

• 

From the mechanical model point of view, n =/ n 
because th e nuclei will not be ma terially affected by a field 
which alternat es as rap idly as t hat of the incident li ght, so 
that the pol a rizability may b e considered as due wholly to the 
ele c trons . In other words , terms in the polarizability which 
re present no electronic transition may be n eglected. 

We no w turn to the numerators in (1) , of which a ty

pical term is given by ( 2 ) . If we introduce the separated form 

('7) of the wave functions , a nd the condition n ' ==- n" = n0 jn , 

this becomes 

1nz/rn) =Jr (:j f8) (,, (0 C (8) Pi)\)~e) ( (lf-f 9) iJ~) (M Jl,-
0 (13) 

(,) 

The dependence of jA upon the electronic and vibrational 

quantum numbers n an d s i s in general very sl i ght and has been 

dropped. I t will be seen t hat it s co nclusion does not affect 

the reasoning , but v1ould only complicat e the presentation . 

It must be kept in mind that the electric moment of 

vrhi ch P3f i ,::; one component a rises from the pr operties of t he 

molecule alone , and has nothin~ to do 1ith po l ar iza bility or 

P erturbing fields . 'ife mus t hav e P expressed in t he same co-

ordinates t ha t appear in + • In order t o t a ke full ad-

vantage o f the separated form (7) o f the wave functions, it vlil l 
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re necessary als o to have PX in a form in which the depen-

denc e u-oon the various coordinates is similarly separated. 

Let Px , p y 
be the component s of the electric 

moment alon; ax.es of coordinates x,y , z fixed relative to the 

nuclei , and related to the axes X,Y, Z fixed in space by the 

:"Julerian an0les 9 J <f, T . Then 

Pi; = r. too.l ~ 't) -t- t, ~ ( -& Y) + f,. .,_._._ lzX) 
v1hRre cos(xX), etc., a1~e functions of 8, <p and ~ alone; 

Px , etc., are independent of these angles, but depend upon 

both y t ,. i ' y ! ' J. 

the coordinates 

zi ,the coordinates of the electrons , and Ji 
of the nuclei . (The primes indicate electronic 

coordinates measured in the mo ving system x , y , z . Tr1c coor

dinates first in r.roduced above vier e measured relative to 

dependence 
J Ji -(o 

r~ ~ r 
~ -::- 1 

will be of the form 
-n.... 

C • ~ + '\' e -X.·
1 

~ I, ?~ ,0 J 
J-::: I 

-rhere the summations extend over lT nuclei and n electrons . If 

the nonnal coordinates of the vibrational motion are taken for 

the coordinates , then each cxi gives the x component 

of the electric moment due to unit displacement of the i ' th 

normal coordinate. 

~.'hen the integration in (13) over the electronic coor

dinates is carried out , since n
0 

f n , it is clear from ortho

gonality that the first summation in (.9) , which depends only 

on the nuclear coordinates, does not contribute to the valu; of 

the integral . Therefore , only the dependence of p on the 
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electronic coordinc~tes needs to be considered. i'!e shall con

tinue to ·write p , remembering that the first sun1r1.ation has 
X 

been dropped out. 

It might be claimed on similar 0 rounds that upon in

tegration over the vibrational (or nuclear) coordinates the con

tribution of the sec ond summation in (11) r:ould also vanish, ex

cept for the case of no chanue of vibrational state durin 6 scat

tering . Thus vibrational n _.,man lines ,·;ould be entirely forbidden . 

This ;;,ould be true v1ere it not for the parametric dependence of 

the electronic functions , vrhi ch must 

be included for just this reason. It is trierefore eviclent at this 

point that vibrational selec t ion rules r.-ill be determined fun 

damentally by the dependence of the electronic functions 1.lpon 

the normal coordinates of the vibration. 

~ uation (13) may now· be vrri tten , usine! (14) , as the 

sum of three terms , of v:hich the second is 

0 0 

f]l 

nhere we have substituted 

It is to be noted that ·rhen the 1, rimed electronic coordinates 
{()CJ 

are used, '1,r-..,.. no lonc;er depends u :::i on the o ri en tat ion of the 

molecule in s pace. 

(tb) 
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1n~
0 

{f)1?
071

i s the n
0

-,;, n matrix cler!1ent of the y co111ponent of 

the electric moment of the molecule ,·,hen the nucle i are held 

fixed a t the J o s itions f . •.ihen the thre e terms of whi ch 

L (ur) is comp osed a re substituted in the _'"'r oducts in (lJ , 
X -

these each u ive nin e teri s . .. e shall 7r i te out only a ty:;i cal 

one of these , employing the usual matrix notation . 

(~-o4}~z))(~~Ji)_ ( ~(~J:»[-h//) 

( 'mo~ { 3)%,,) ~~ , A- ) (7n ~ { ~) ) {4 .4-1' ) c· 0 l?'J O "YI/ho /)'J ) '710 

Vie may break u:p the summation in ( 1) into nine sums , each in

volving on e expres s ion of the type '18) . The denom~nators in 

(1) have been sho~n in depen den t of sand r . The sum over r is 

s traightf orvra rd , from the u sual la ·i of natrix ;, ul tiplicati on , 

and gives (co s (XL..) co s (yz v ( r ', r 11 ) . The sum overs is car

ried ou t only a littl e less easily . 

The depende nce of the vibrational inte:ral upon the elec

tronic stat es i s indicated in (13 by the use of subscripts on 

the vibrational quan tum nUi .. ber s . J3e c aus e of thi s de2.)endence these 

integ rals a r e s o- call ed II hybrid II matrix elements . T e usual 

r:1c.tr ix el el ments of a function f lf) may be defined as the co-

eff ici ent s in th expans ion of f(~) <p--0-(1) in terms of all the 

r1er:1bers of the complete set of orthogonal normal i zed functions 
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If f ( ~) f
4

ff) i:J expanded i n tenns a differen-:, det of 

functions ~(~) , the co efficient s a rc }1.yb-·id mat:::i;:: 

In our case t}1e t· ·o sets of f1.r:iction"' 2-J:e t h~ vi-

r)ration sl functions CT (c) 
11/.l... i 

a0ply this to the suw~at ion of (18 ) overs , and obtain 

( ~ [ 11) ~/-<a'l) )lJi ;»·)( ,,_/ ('l\,,,, ~(?),,, ,J ( A-~
0

) _,;~J 
"]ince i n our case n 1 = n3 , ,_. e obtain not a hyb1.·id u '.:; an or

C.in:-,r~r , .at l' ix 1 L1en t . 0·1ly the vi lJr '.?..t ion:3,l func ~-i 0:1 f o:- C:c nor

:-1::::.l electroi.1.ic level 7.re i :1volvec. , an°. ue s"10,11 c'.:·og ~1 1.e su 1-

scr i ::_) t s fTom s T and s 1 • .,__hn su!111n2,tj_oi1 over n c'-"nnot be carried 

out in q sL1ilar • r::,y 'rncav.sa of. tho der10' inatoro . 

C ~ 'h • .,_ ' - • 'l) ' 1 d Il8 01 C 8 nine Sv.ms over 11 uO r;.11 en \ i:-:as ooen l C UC'3d 

mP.y no·:· b ':) '"Tit t en ou ~ in full. 

f.;z • ( ~ ( x 1) to4{ d 1)) ( -'1 ',.))") }) , 

( 
_!_ t7 l,,,_o,[)),,_,_ -,,,.:W, .. ,,, + ,,.,,;t?L.:_;~~Jn,h (a.,-,.:') {2-!) 

21 L )) ,-lL \J,n ?\ 0 ° 
?l?J" 0 

The smu ,atio n 1ero be comes ide 1tical ,'i "':;h tl1at in equati on ( J ~ 

when in ( 9 1 n' is se t ec;~ua,l t on·' nnd .x,z ar0 re)la,ced by x , y . 

Therefore by (11) "e c an V'T it e ('J,l~, comb i ning the rotation ",n o. 

vibrat ion intc;rals , aG 



iust that nart of the u . 

arises fro,. 

1,e transform the :)01....,rizability froro the axes x , y , z to the 

f i zed axes _ , y , z . T •• hen the nine sums into d1ich (1) ·:as bro

::.cen un are resse:r.1bled , it is found t .at they ~ive jus·::; the 

nine terms of o( ZX • . e therefore obtai:· finally , •. ritin; 

(1 in full , fol' the X cor.roonent of th8 electric r1omen-':- of 

the nolecule ::_..,reduced by the Z component of the inciC.ent l1
5

·1t, 

and associated r,i,;h the ,, r c1.n tran"ition fror.1 th3 stctte n
0 

' ' t t'1e st"te n s" , r" , thP follo,;in-: , s r o J. °' 0 , - -

This ia a matrix eler.ient involvin::, onl·r ::;11_ vibratio·1e,l e,nd 

rotational fu;.1cti ons for -sh~ _,round cl ec !:;roni c ''.1 tat~ . ·;:· e 

( ,23 J 

in ·ermediate state-:: no lo 1;er a:p_ e2,r ez::.fricitly, -.hoir effect 

bein'~ entirely conto,J.nc0'' in 

t ion only of the excitin~ frenuency an~ of tho nucloa~ coord1-

1ates • .J.he ::➔ ilTij_)lici ty anc directness of thio ex~ resnion are in 

very shc:.r-:} cont1,aa t to the unvci eldy but For "3 r i-;orow:i and -:;enc-

r al c 18,rc.cter of equation (1) . 

:'Jquc-,tion ( ')3 in just t:1e ex-)recsion · ·hich : lacze~c has 

derived from physic2J. p_incipleo; his results have the1•efore 

be~n shoi:n to be in 2,c cordance ':'i :h the dis 'ra ion f o_ v .ul , in 

the ..,eneral as 7ell as in the <ii , ,.omi c ca;:;-- · 

_ .____ _______________ _ 
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Cculcula~ion of ~.anan -·ntensi tie:J 

for the Jy:·:·.1~tr1cal - otator. 
--------------------------------

.,e sh2,ll non turn to the act1H'.l eval 2.tion of she intcn

cities o: the various rots,tion lines for molecules o:: t1e sym-

11etric&.l t op class . ·~:1e \"ork described in '.:;his section r•as )rin

ci 1ally carried out oy ~rof . . . v. Houston , the writer ' s share 

bain0 a small one. The summary of the "9rocess is , hor:evcr , in-

eluded here for completeness and for 1. uture reference . '1111ce 

the ,··or::: • D,s done 2:. aper has appeared b;,t ... lacze1 and ..:ell er 11 ) 

in 
1
.:i.1ich t e subject i~ treated very thorou_;hly . '~h9ir inten

sities 2._;re..; \'iti1 ours , but the lii~thods of comuutation and y ... · -

sent.?.. ti on e,ro d -1::f er:m t . It is ho)ed Lu~.t the i o 11 o·· in__; c.>..ccoun t , 

o ein-; les3 con.:plet e than theirs , .nay a,1 so be :i1elJful 1n cl .1Jfyin
0 

tne fundanenta,l ideas. 
.'e cone; ider o. li6h t "iavc of f1·eq_uency )/

0 

inc iclent al on.:; the positive :r .}.Xj_ s and iJ Ol ari zed in the Z di rec -

tion. ~he elec tric mor ent of the molecule r.1a,y be ·.·ri tten 

i rx i' J · z 
=- ( J 0( z.~ + T0c..2'Y + I< o< z 2 

r·here ~ _¥j, etc. are the comp onents of the tensor of _)Olari 

zc.bili ty ref erred to the fixed coordinate c1xes . 

Th. matrix elem~nts of the electric rnoricnt , fo1·med ·."it· the 

·ave f mc":.ions of t_1e sy3ten in clud ... n
0 

their time d"pendencc , 

c.,ive both the int Fmsity and the frequency of th"' scatte1·ed J.ight . 



That i-: , the intensity of the Z cor.1:ponent of light acat 

tered in conj 1.mction ··i th 8, transition of th; molecule:) from 

the state p t o the stGte q , is Jroportional to the sQuare 

of 

v1here and 

This cives f or the scattered li,.Jht tho f r equen cy ))-::: Y0 +Yl'j, 

y:l1ore ~ :?q rnay be either :10 si ti ve or ne8a ti ve , cle) ending 

upon ~-;hether the molecule hr~s oisc or less ener 0 y in the 

initial otate than in t_1e final state . hese tf'o cases l ead 

t o t he anti - Stokes am: Stokes lines , res~iectively. The 1,re-

senc e of (I) r pq 
in the ex:;ionential sho 7S t __ at the scat t ered 

l i ,ht is incoherent if p -;/:" q. ~n the case Ypq =f-o th1 s 

is o vi ous f~orn t he start , sinc e two vibrations of different 
. 

frequen cy cannot be related in phase. But if there is degeno-

na cy , so that ev en Y!hen p -:f q y; e niay hav e V :pq'I~ i t i s 

nec essary t o reso rt t o a treronen t li lee ( 2 J to dis tinc;uisl1 

bet1.7een the coherent (p= q) and incoherent ~ p~ q I :1arts of 

the unshifted line. 

c c o1·din.:'> ~o :!:12.,czek ' s theory , and also , as iie sa,.-: in 

secti· n '2 , a ccording t o the dis:,,;iersion formula. , the ei~en-
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f ,1:-1c tions 1n(2; includ3 only the nuclear r. otion of •~he mole

cule , and nre function~·; of the norm""l coordinates 'f; of t:1e 

v1 bration arid of l:he an ;les » cp + . 
J I 

If ',e or:1.i t the e;c_oo -

nenti3l , (?, 1 therefore becories 

o-" CJ) f.,, (9 f--t) .u')' 

(3) 

···n orde:.· o ev1:.luate thi .:, integral ··e must investigate the de

uendence of o{zz u:9on the coordi:1ates f; 9 
1

<pJ + . 
Let o( ik be t 1e c ori:;_Jonen-':.s of thG tensor of _1ol,J.rizab1l1 ty 

referred to ',he princip·:1.l axes of ine::::.·tia of th:; molecule. In 

many cases th se r;ill b'3 the ~ffincipal axes of tlL :;:'Olarizabil1ty. 

These >rinci~al axes of inertia rill be independent of the 

vibrations of -t:.he molecule t o the extent to .hie:: the rotation 

c: .. ncl vibration : 2-y be co·1sidered se _arately , -, h1c:1 is the c:1.):-::. o

xination ''Th1c:1 re sh2.ll use . Since the h1ndinr; of th0 electrons 

co :)o::cnts of th tenE;oi· <X 1 ,: • ilJ. be function□ of the normal 

coorc~inates . This deJcndence 11 .y be e::::·He::rned by ne8.ns of a 

'l'~.,y l or e:x:""J_ ansion , ~"v1nr- _,_l • 1 b 1 , c:,.L ., ~1e ex)reos1on usec_ y .. acze..r . 

(4) 



:;;: ' y ' z ' 

The tr311sforr12.tion f:;_'o_ the - rincip:,l a;:es of ine:.>7t1.a, 

to t 1e fixed axes X, Y , Z ri. ,,y be ex.,_n·e s s eel. 1:n terns of 

the :;uleriG:1 t.,nzles ~ ~ 4. T:1~ coeff1ci0nts of the transfor

I.,ation L,:rc c.,iven in the follo:·ing t:1b_e . 

X y z 

., cos + cos f cos + f:an f sin + sin 9-
- s1ni' s1n <f cos ~ + 'Jin + COS 9 C03 r 

y - sin f cos cp - sin -f sin f cos f □ in 0 
- co2 f s1., (f cos ~ + cos + cos <p cos ~ 

z Gin e Sin cp - sin 8 cos f cos s 

ri c::.se the _ rincip ,l .,,xes of t· e tc:noor o:::' pol .... :~1z-

ze::.·o . clat1ve to the fixed m::es , :: e co.,po. crnts of t11e rnJ.-::.:i~-



electric riomcn':, . 

The vibrational part of the w~ve functions i~ suffici~nt 

• t. 1· ("< ,., rodl1C -1- 0-"'.1. t'np "t"u::.l "',,olll. v'· ion~ of +v·1·1.e ~1ar-2.p)TOXlL19, ion .., c-., v - \., ~ -- ., - ~ 

monic osci¢,llator , each involvin;-; a qua:1tum nu bcr 'J;_, , and 

each deJendin3 u,on on0 of the normal coordin-ter of tie vi-

ore .. tional motion G 
in the ex~ansion for o( 

, , :h:. ch have aJ. re~""',dy be <:;n introduced 

. rhe rotaticna_ functions deJend 

upon the ~.:ulerian an0 les &,Cf,1'- , also introduced above . .1.he 

intG_;r2 .. tiono over the vibrational c1.nc: rotations,l coo1~cl:.m: .. tes in 

brational coordina ten , due '~o tnc r:ell 1
:110··:11 ::::iro:;?erties of tho 

ei
0

enft:nctions of the 1ar1i1on1c osc:i.- :l.lator , the tcrr.1s 1n e( 

,.•'1icr1 are indep~nden t of the· non~al coordin ',t e::; 

(6 1 contribute ~o the value of the r.mtrix element '. 1 only 
0 

·:hJn V ' = v. :'herefore the terrs in 0( ··;ill lead to ~,a,·an 
ll 

li:ics for r'1.1i ch only th0 t ot'-,ti nal (mergy ch _;ec . ln the othe1' 

hanc1 , the tel"'f11S in (
0
;f~~o, involvin_:; as the:? do the first 

, ':ill co!'ltribute only to the m2.trix cler.1ents 

for rrhic11 V '= V ± l , and ··.hich therefore arc connected'. ith a 

11 fundar.ien taJ. ' vibrational trH-n~ i tion . 

po •ver of f1 

·n both of these cases the deJondence UJon t~e rot

atiom-'.l coordinates is identical. :c can t·1.eref0Ye t:teat the 

pure rotation band and the rotation vibration lJands 2 .. t t'13 

sex-e tine . I'r operties of the pure rotation b'"m( ,hat are deduced 



0 0 

froi,1 cert'1in rslations betY,een d.. xx
1 
~ti O{n ·:ill 2.lso hold 

for a vibration )and , :):i.'ovided t _"t for the :_)articular vi

bration bcin:; considered the same relations hold betT·:een th~ 

qu2.nti tie'"' ( ~~ L , tc . ;ro 1.7cver , it must be re 1embered t}L,t 

thio "Jil not necess .. ril~r be the case . lacz(d: lwz c"iGcus:::ecl. 

this point • • e shall return to it later in ccnnection ·;ith the 

sncctrurn of 6ethane. 

Cnly the inte·;ration over the rotational coordinates 

remains to oe treated in (4 . .. e shall not treat t e r;encral 

case further , but turn at once to the s:9ecial case of the sym

metrical to'"l , referri:1; to ~·.he recent _ aper of J.l ,, czek c~nd 

,,, Jller , (ll) \,here )olarization , selectic n , and sum rules are 

disc rnGed ·; i thou~ f·irt'oer speci&l1za~ion of the model . In the 

syi,unetrical to) type of molecule = :3 J c . -rovided thc .. t this 

equality of t ·.10 of the monents of inerti a is due to SY):'JTietri cal 

arran ement of the nuclei about the fijure axis , rather than to 

a chance coincidence of the tv10 quant it.ies , we may .Jafely assume 

that the )larizabil1ty shows the sar1e symmetry , 

'"'ince we are considering only the pur e rotation s9ectrur,1 , vie 

need retain in the (6) only the terms in o< . 0 
, 1•hich 

(i) ll 
are independent of the vibrational coordinates . TnenAbecones 

[··} ' s of 



0 0 

o<. ZX = sinf cos G sin g. (q'zz -~ xx 
1 

d.. 1..,y = cos+ cos e sin ~ ( cx;z - c/x:x 

d.. ZZ = sin2 ~ + co 32 o< iz (7; 

=o< ; - s in2 e ( o( zz -=«zz 

These ex Jressions in ( 4 ) give the integrals ~hi ch it will be 
0 

necessary to evaluate. Since c<ii. do not depend up on th e coor-

dino.tes , t:tJ_ey n ay be taken out of the integreJ.n , leaviw~ only 

the circular functions . 

The solution of the symmetrical to :;::i has been .:.,i ven by 

Reiche and Rademacher. (13) 

The dependence of the resulting eigenfunctions upon the 

angles <f' and + is given by 

iM f 
e 

The function f) ( 9) depends upon both the q_uantum nunbe:rs K and 

r . If these are replac ed by 

s =/K+rl d=/K-1': I (91 

and the variable 0 is changed to 

t- .1.. - c. (1 - cos s ) (lC) 

the function (j) nay be rnitten 

e =- t -~ ( \ - t y½ r ( t ) 

F (t) is a hypergeometric function ·hich involves the ~uantum 

numbers s and d as i::ell as an integ er p . :'he ener~y 1. is then 

determined in terms of the monents of inertia a and C and the 

quantum numbers Kand J , v:here J=p + ;_ (d+s) , 

(12) 



w - 0~ • J (J + 1) 
4,.) ir / "- + 

the ener0 y , neasured in nave numbers , becomes 

' : -== ]3 J { J + 1 ) --t- J3 /9 K2 
(1 3) 

it is inde·Jenden t of :r and of the si . .:;n of K . 

• 11 three o f the qu2.ntu..11 numbers J , K, and r have phyo1cal 

r:-ieaning , beinc connected , ... ith the an-:;ular momentum of the 

system. J measures the total an 0 ul ar momen tur.1 , K its com,Jo-

n en t al on -; the figure axis of the molecul e , and l. its com1Jo

nen t a long the 3pecified direction in spac e. s io necessary 

for such an interpretation to hold , 

From ~8) and from the fact thE.t f does not ap~Jear in (7) 
, 

it is clear that the integrals \",ill V811ish unle -:rn K= K. (7111s 

shm .. s at once that the frequencies of the pure rotation lines 

for the synunetri cal to p • ill not de:,end u·7on C, sinc e C a, __ ears 

in the energy (10) only in the coeffici ent of ::. ) -:Jy the s o.me 

reasoning I '=I' for the Z comp onent of the s c 1-t te red lieh t . 

rhn o ther t 1
··0 components are mo st easily handled by c onbinin

0 

them to :;ive 

The selection rules for these t -:o ex)ressions (r1h.1ch give the 

intensity o f r i --:;ht- and left- handed circularly !)Ol a r ized light) 

are l ,.. ' = : .. ± 1 , respectively. 



1 .. ith the functions in t heir ~1 resent fern the selection 

rules for J are not imnedi ately obviou s . _:o·.-·ever nat :.:ix ele-

men ts of Co s ~ and sin & c:lone , r.hi ch determine infra- re d in-

t"n3ities , ar e known t o v anish unle;-;s J ' = J , J" ± 1. .. ultiply1ng , 

by the usual matrix rule , 1 t is found that the onl:,r natrix elc-

: ent ::-- of sin 9 co s tt that are differ ent fror:: zero 2,re t hose fo::. 

The integrat io :1s over cp and + are :1e1forned i:mr.1edic:,,tely . 

th ,t over 9 ( from 8--== o to S- -= 7f ) :1a::, been rC ) l aced a.c co1 ding 

to ( 9 ) by an intei;ration over t from t = O to t = 1. ... t io found 

') 

~ 1 , 
sin~ -== 2 r : ( 1 t )-~-

8 cos ~ 
1 

sin ') ( l - 2t ) ti ( 1 - tr., ( 15) J 

[ 
, 

• J/ 2 ~; -, 
ti ] 2 t·.,- 1 t t .) J ( 1 - ) - -

In order t h·1t r,e may associ e..te eac·1 element ':.ith the :..,ro_er fre

qu ancy, ou r m~",trix e l cnent s are s1e cifi ed in terms of the same 

quantun numbers , J , Y, r , by \-:hich the ener6y (1 8 is gi ven . :But 

before • e can u~e ·1·1 Pi Ve fun t • • t 1 J:' (11 ' - r.· 1 · - ,_ . c ion s 1n ne .1 orm J , J , h , e,nd 

CJ J , )Y the necessity o .1 con sic,_ er iw: 1· hether K or j i tl 1 
~ - S ie E',r;er . 

+ l , I ),:,-i t: i, one 

that a f i nd s ' f r 01 3 ) ",nr: ( 12 J ' G ' = s -t l ' d ' = d + l ' I' I = ) + 1 ' .$ 0 

-sypi c al int-:;gra.l , 02,y th2,t for t 3/~ ( 1 - t )'~ from ( ' 15 J IS 



r e t ri c function , is __;i ven by 

t:1 , ' 
' s c J t; ' ) -

't; dt 

:n the ::o!'.:1 used - ove t c fl:nctio.1 :>i not ye+; nor:- ,"'..l.,_ze( . 

::.?or convenience ' o c-:ubsti ute 

cf s d :;, ; t j =cc(&; p) - D - ' l +s +d +J , l +d; tj 18) 

l.o the no rm.2,l i zation int eGr cJ_ 1 "' i '3 ) 

f " ( s cl :p j t J c. t 

.,., 'l ;' ···ri "· '·e·1 • i .,_ 1 1 o···.., ..,·1cr3fo·· J , ' - vv " - l, 1., 

f 

1 - t 
,s+l 

I 
vJ 



tJ = t s ____ ,.. 
l + " -t-d -t":? 

. 11 

' l . ei ..., . ~ o,, ~ l _.., J 
.i,,. •-"""' V ..L ~J. J 

d-tl , s , -1; ti l + s+ d + ) 
l +a +d +~~ 

C·1 -~u·1ct1.·011 ~ i·n - 1 11'; C!"l"' c 8-~_TP8S";d in tcru; of fu,,c 1011s e .. • J. .. 'f \ .. ~, . ~- -

\ it. various indic eo _ , bu'.; r 11 havin the sa1.1c s <>na. d .:..1C:icec 

:::.p_ en,r as t 1e t and I ' \ 1 - t 1 . 

siono fo:;_• t 1e t·. o f:.uctic:ns 9.ro mul ti"'1liec. to-·ethcr , only those 

ot'L.1.:::: vani3~1 u on ·nt~f_;rat on , due to t·1e ort: o~onal ·ty . 

0 1 ly ',o collect thC; re~u1 tin,., term□ into ar: com:~:i.ct ·N fo:rn as 

poosHlle , and finally to re'Y'\lace s , d , ..,,nd in ~er .. s of J , ! , and 

l • :i:n t .. e r ,rt1cul2, c ":.Se chosen above in 'lo; , cnl,,r one te::;:·m 

curvives . i he result i" then 

i_c_J +k +l' , 
J-.1c +1) Lr-z-r';' _;r_-: +1 • -t~ +l.LL.b:J,:+21_ _ :-J._+ ___ 3'-'-..... -2 

( '3~+'3 ; ( r,J+o i ( 2.r+ ,,' [ ( '2J+1 ) ( 2~+5; ] ·l· 
J +k- +2 

'.i:'he se .. De p1· oce sa for the first ter 11 of the ex'l1·es:.1ion 15J for 

sin a 
0 ')'.JO:Ji te 

J. .. Gi gn , s o that 

subtraction of t,1e trr o arts offers no difficulty. 2he in ten::: i ty 

is )l'OJortion::iJ. to the so..uar~ of '.:.his matriz leme.1t . 
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-olocul ~ •. i ~h C.iff':)r8n~ qu.2 .. nt.J n,1 ·ce::..·s L ill :111 

contri1Jut,..., ,.o the so .. me a c 1. erect _111 -· -tt • • et ~refor0 sun 

( ' 1 J l ~ I from - J to + .; • the ""quare of '"l.'":.; ever a_,_ - v ues 01 . 

T'.is is accor\'.)J- ·2hod , c,ince 1 occurs only in the nun'3rL-,':; a-r- , 

by ::eEms of the fon.1ulae 

n 

[ 
0 

... 

~ 
0 

4 
-x 

i__ n ( n+ 1 ) ( '2n+ 1 ; 
6 

1 
3C 

n 'n-t 1; ,,n +l j 

.:e obtai11 , c,fte:-c simplification , anr1. includln" th 

numerictQ fac t o- , 

':e "oulc. no·· lil:e to ::;urn al 10 over all initial values of K; 

but the populations of the ¢f s tt.te □ depends on :- , cince the 

Joosible, ho :ever , to r':l:)lace th<; su:rmration ove~ ~C _-ran inte

(-ration . Tlus involves only a s11-~ht e:.·ror, except for 11:;ht 

molecule f or ;'hich relo..tively fe·;, r o te..-ional states a,re oc

cu:pied - in 7-iic 1 case th3 s .r,n:ation can be ca1·ricd out ex

:-lici ~ly . The into r"',ls can then be reduced by inte _,ra":;ions 



by p2~:rt::c 'co a for:ri suitable for evaluation. ln.czek and Teller 

( 11; .Jive ex)re ssions :01 this cass , :1s r:ell as diagrm11s of the 

in~ensity distribut ion over the rotation b2,nd f o r various va

lues o f o.1. /c . 1 ,e shall bG nore interes t ed in the case of li,;: t 

n ol ecules . 

The intensity O- the conponentc of the light scat

tered by a s ing l e molecul e in th':; state J , :::c , avera,;in:; over all 

values of J , is pro:)ortion2J. to the folloY•in..:, for the ind.icr,teo. 

ch ,n;;es in J , 

I 
X 

I 

I 

Here 

(J , J +2 _ 3 I 

{ J , J 

z 

1 
T5" 

2 [(;r ?-:r:~2.J I J + ~ ·~- K' J 

lS (J+l) J +2; ~J+l 1 ~J +3 ; 

(J , J) 

V = ~ zz - O(..__-... , ,· M - '1/3 ,·, ' o( + A AJ. ' 0 .,....,_ / z ~, , e, LAx:::c ; 

e ~ave onitted the factor , l ti \ •. 4 v v cont~1ned in the irr-o ) q / 
t .::n s l ty ox . 1· e ~ s 1· on on -1,J • ? -1 :=:b o ve , • • , • f-" - - - ~i~ce 1: 1~ e 1ectivaly con-

s to..n t ov8r an:/ on0 rot'-', tion ba::.1c: . 



t.1 e nurfoer of , ole cu::.. es 

GUI!° ed ov~r val1e- of Y f~on 

... , T y,- 2 .T + l; C e 
~.,-~ 
tJ .. \. 

s t a t e - Tr 

u ' - • ' 
.nd 

- t.1 + J . 

·1ucl--1 . ..1_is ,-1 • ..,. 

I lt i 
y Denn. r ori I. . 

contains 

sn encc 

'01· ·•-'"' "i .., . 

le by.., 

,..ec1 1.n "'"cti"n 
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nr ·n22il' 

t'1c, • ri t ~r • :pon t:10 P. , ::.m effect in ;a.'"'c::; . - 1 ~Se n .y °J:. 

dl vi 

"C llC. 

a. 'Onie, r:s (lU81-:itativel,,: d ,.,r 111 r 

..... . '· ssctiori "i 1_ ''.') 

t' ,.., i .ter _ \:; det~:.1 ina,.:;ior, . 

c-

A rr :)~ al cylinder 5 ' in cl.. c,ret ~ o~r -~ ~' Jon; ~n 

1 • urr 
CT-

a"' to be tu id 
ex~end the en-i-vi .... _ 7 c'V'\ t' " '. 1. d ..,,, 1 J ,. ··b" o· 12.s cy_1n .: . _ P;f a:,., ,..._o, c .:; o -

xi,., , ' ... c",.... i ~ 

1 ~ ,.,. -- -- ,._,, 1 q len" ~tone en of _,_, 
L- ..... ..,. t be in-: o 

-



tl ., .,,.,, '1 t .,_"he o-'-'1pr e·-"'d o:f th~ t11oe J.s 'l 
V :c ;;pee ,_._O...., .. cv,.. • -~ ~ l, ., ~ 

blc.c', boc.:-, - - a I'LtC.l .J.,uh, "OT1EY·rw,+, • icle·· -,~' 1an t 1 
P. 
S' .l,Vr} ~Q e. 

cpartz ~mr. a ou: lC" lon: . . ·1e nos,~ com_Jetely oloc1::: J\ J~, t 

·· as fo 1 _;,1d ,;· ,s obtainecl y ~lacin ~ ~ ::_ lm1e I iece of ..,lo..us 

on the bo..ck , and carefull:r cleaned. on the front ... for uae 

ir t'1.0.t.ltravioJ.et there is of co·-rs no real; .ed of the 

paint , unle s too rmch visi )le l.L-;:i.1.t is ::::ca.ttered onto the 

"')late from the insir1e of the s·1ectro~ra:ph. 

:n the r1ore recent ·t•ork the blac'- hody '1as een 

re·)lace by a conc3N rnir1· or :placed at t11~ ")ack of the 
Ao..-n-~Yl 

....,as tube. By this means a cer~ain a.nourt 011, li__;' t ecat-

tered y the Gas in the opposite direction fro the lens 

~ill be recovered by the mirror an( p·t back into ci~cu

lation . ;"}1en the 1'3,CT,lUS of Gurvc1 .. ture of the mirror er_ue.ls 

the leng.t11 of the tube , li~;ht from the quartz ·.•alls can 

not be reflecte at the :rriirror i11 :Jllch a • ay as to reach 

th0 len~ at the other enri of the tube. 

The increase in Ram:::n intensity ·rhicb should be 

gained in this 1·1e.y j_ linited to 8.-bout 501b 'by tie 101:: 

reflecting po· er of retals in the ultra violet . zlPo there 

is no question but that the mirror makes a sorn"'·:hat imper

fect lack background , cue ~ainly to imperfections and 

dust on the surface. Tris may even counteract mof't of the 



• ~-. 11·-h .... --nti'l p1·cturP.s have been ,..:-,,,.en ex-go..in in n2.man , u • -

~")re rly _,_o test this oin~, on9 can onJ.y sa:r that i..he 

mirror has proved to be a satisfactory suh8titute fol 

the usual cumbers or 1e :ilac~c body. 

Li ht emerging from the ot or end of tte quartz 

tube passes throueh a lens r·hich thro ',s an iIT1aze of the 

black bac1ce;round upon the slit of the spec tro c:;rs,ph. T11 e 

effective diameter of the lens is controlled by the size 

of the ouartz tu.be. The focal lene;th is then so chosen t'1at 

the optical Byste1r of the spectrograph ic just filled. . It 

is seen that the intensity of the Raman li~ht en terin.:; the 

spectra ra:ph does !Wt de;end on the cUameter of t,ie .:;as 

tu"be, but only on its 1 enc th. '.rhe only ad van ta e in a . lar-

er climneter is to obtain on the slit a lar:;er i1 a_se of the 

black background; ·when the dimen'3ions are determined as 

outlined, the size of this image vc1.ries B.pproximately i; i th 

the square of the tube diameter . . i th the last form of ap

paratus used , the " black spot II wa"" about ,8 cm in diameter , 

,·ri th a ci·t1cirtz tube of about 1. 8 cm. ~he use of a lens in 

stead of a seriee of diaphraems to cut out illumination 

from the ualls of the quartz tube has proved very satis

factory. 

Several designs v1ere attempted for the arc before 

a succes ful one v;as founa . T'1.ere 11ere t~~'o 9rinciple :i::iro

blAms . An arc may be started by the use of high potentials , 



olow torches, and c!'loke coils . :hese methods, ho,·rever , 

vvere not resorted to , the method of producin'?; a rr1ercnry 

contact being relied on instead . T,1e first r,1eans of ac 

complishing this was a reservoir 76 . 0 cm belov the lower 

electrode of the arc , fror11 1hich mercury could be forced 

by air pressure u:0 through the arc till contact v as made 

at the upper electrode. This vas satisfactory in itself , 

except that the ·1at·er jacket became sonewhat comnlicated. 

Hovrever it brought up the second pToblem. If a mercury 

pool is used for the up~er as well as the lo er ele ctrode , 

it dries up by evaporation in a few hours , and must be re 

filled , usually by the same process that is used in star

ting the arc. This proved especially inconvenient at night , 

when the arc developed an ability to get ahead of one , mel t 

the glass~are at the upper electrode and brin~ the exposure 

to a sudden conclusion . 

The old- fashioned method of startin~ was finally 

resorted to , namely that of tipping the arc . To cvoid the 

upper electrode trouble , both electrodes were placed at the 

sarne level , and connected by a very narrovr U. The evacuating 

tube :vas led out of one OJ. the legs , in snch a "ay that it 

did not interfere with the vater jacket , a single quartz tube , 

slipned on over the up:~er end_ of th U Tl -~ ~, e • nus the ¥ater cooling 

becomes as simple and reliable as possible . The arc can be 
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dismantled easily, Y'hich 1s necessarJ every one o:t tv10 

hundred hours of use to restore the ultra-violet trans

mission of the quartz . Tris is accomplished by passing 

a current of air ti1rou,_)1 the tube , while it is he~:i.ted in 

an ox-y-gen flame. further advcmtase of the clesi_;n is the 

doubled effective length of the ~re . 

1 1hen the arc is started by tip~ing , it rroves 

convenient (thoug1 not , I suppose , essential1 to nount the 

rhole evacuatin" syste~ u,on uhatever tips . This was not 

difficult since a charco a.l trap proved an entirely adequate 

subotitute for the usual diffusion pumps .. flas~ and. con

denser were connected to the vacum11 sy 0 te, , so th' ,t r ,ercury 

covld be distilled into the arc under vacuum. No other way 

·rns found for fillinn- it after cleaninc.;, v''hich did not intro

duce enoue;h oxicle to interfer 1"ith the startin6 :process . 

The first method of 1-olding the gas tube --as by 

11eans of seal in-.'.. w,x-- inherited , I elieve , from Rasetti. 

Tli2 r.10st that can be said for this nethod is that it proved 

surprisingly effective; the quartz- to- ste~l joint vithstood 

'1-t ti neo as high a, pressure as 400 1 bs . per square inch . 

There is no need of recounting the disadvantag sreat 

improvement vas introducecl by t e U"'e of gasket r-aterial , 

squeezed against the tube by +,he s"'ne scheme t 12.t is used 

in valve stem stuffing boxes . Incitead of sere •ing one mem

ber into the other , as usual, it ,·,as pressed in directl:,, 



d , ' J - ---~i· n~ '"'."'1.,·1e fore~ the force bein~ Axerte t:rou;n a .ar 7 e ~~~ J " - -

actinu could be read on an experiment&.lly calib:'.'ated scale, 

r,ounted beside the s9rin""' . Rubber e;askets are used at the 

bacc to facilitate access to the mirror . The lens is held 

between rubber gaskets , the same spring holding ther:1 ~i..;ht 

the,t holds the packing . :By this systen no longitudinal 

strains are exerted on the quartz . Pressures higher than 

120 lbs have: not been used thus far , but the method ha~ 

proved satisfactory viithin that range . 

One of the principle advantaGes of this desi6n is the 

ease vii th \"hich the gas tube and lens r1ay be taken down for 

cleanin_g. T'-1.e construction io sho'''n in fi~ - 1 , 1 h:.c11 is a 

1orizontal section. The arc i s therefore directly boh1nd 

the 3as tube and is not sho1·•n . 

The general appearance of the apparatus is ohov'n in 

_late I . he e lectrodes of the arc , as well as t~e evacua

tine tube and ~ater inlet are seen extending from the louer 

end of th8 reflector. In the lower :;_1icture one can Bee the 

arrangemen t for distilling mercury into t_1e arc , ~,md ,:::.lea 

the trap for condensin;; gases after drying in the flas:r at 

the ri__;ht, in order to obtain them under ::,ressure by eva

poration . 
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Thermostat 

In order to ~ct sharp spectra ~ith the ~ilger 

~ - 1 spectro::;:ra.9h it proved essential to '-::eep the t8mferature 

of the room extremely constant . _ variation of less than one 

de--.;ree durinr; the t.~re or four days •. ould be evident in the 

:ii cture . :-.. ccordingly a thermos tat ,as desi ::,ned. - - - o..fter lon~ 

hour s ,·,3.st ed •:'i th impl er efforts--- r:hi ch h,;1,s proved very 

satisfactory. It is the usual nercury type, but evacuated. in 

order to kee:p the surface in the capillRry f1•om becominc; 

oxidized. ihe , ire h .ch makes contact ··i th the 1 ercur·y can 

be adjusted from outside by means of a small magnet vhich slides 

l and do··n ith the ·ire; a sprins balances nost of its 

•1·eight , and the slight frictio!"l of the vire 2,gai~st the ca

pillary v~lls keepc it in place. 

The thermostat vas filled by distillation vnder 

vacuum; the tube throu6h Yhich the ·mercury entered •::as then 

closed by a sto;: cock , ,. hich must be actually in contact 1-· i th 

the mercury. The thermostat is ehoN"n in Plate II. 

The current controlled by the mercury contact 

actuated a telegraph relay , '✓h1ch in turn orierated an auto

mobile generator cut- out; this could 1andle the ten or fif 

teen am:peres of alternating current rhich .upplied the heater . 

The heating was done by means of wire coils strune in front 

of a large electric fan; this ·•as mounted on the opposite 



side o:' the roor- from the t' erm stat, • hich •• as kept 

close to the spectrograph. A tliermometer beside -:;he 

thermostat would ordinarily sho •• no more V8..riation than 

a tenth of a degree . Ho· ever , the lack of e.n icebox as 

rrell as an oven frequently caused ..,.r ief . In the end the 

only answer to the my terious vagaries of th-3 ventilatinf; 

ryst em proved to be its elimination. ':i th the air inlets 

entirely plugged up , the roorn became to o hot only occa

sionly , instead of frequently . 

Intensi t easurements . 

For the determination of intensities each plate 

vrns calibrated by mea.nq of density rnar1<s obtained ·1i th 

light of very nearly the sa."lle wavelength as that of \ hich 

the intensity was to be r1easured . 1..Jight from a small mer

cury arc placed at one side of the slit was reflected dif

fusely by a ... 1iec e of nhite paper , placed about 18 inches 

in front of the slit , and lar;e enough to fill the o,tical 

system of the spectrograph. ':'his :r.1.ethod insured that the 

slit 1as evenly illw inated over its length; it .ad the 

further advantage of .:::;iving a very lor intensity. Th"' ex

posure coulrl. then be of the same ord8r of magnitude ( at 
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least :_ hoto._:,raJhical::..y speakin~ as the Rm Rn ex:_)osure -

beine; from one to four hours, "'hile ti1e Rar a,n expoPures 

v2.ried froPl five to seventy hours . The various c.2nsit1es 

-,,ere obt:;.inecl. by means of a step '."eakener placed over ta.e 

1 • t th • 1 r,::,d s1· de bejn c· urned a ·av from the incident s J. , e s1 ve J . , • s _ 

lie;h t; so that any effect upon the quartz from :9rolon~ed 

ex.osure to ultra- violet li~ht would be constn t over the 

\"hole vree,kener. 

The ··eakener • as made by eva:pora tin;: gold ±'ram 

a tungsten filarent onto a ~·indo1•1 of fused (luartz by the 

technique and vi th the a,ssistance of 7r . John ,..,trong of this 

irn,ti tute . T 1e steps • ere i1roducecl by uncoverin0 a small 

amount of the surface at a tir'lo , a screen bein,, moved alonz 
:rom 

by a screv' vrhich could be turnedv5'utside. This 1• 8,S accom-

ili shed by means of a mall ger:::-anent ma~net at ric;ht a.ne;les 

to the axis of the scre·i , ·hich could be :rotated by turnine 

a strong horseshoe maene eld close to the ~1 s~ of thP ell-

j c1,r . • o advantages might, be mentioned in graduFlly unco-mer jng 

r;c:i,ther than covering the q_uartz surface. The screen can then 

be very close to ~he :mrface , inRurin..J a sbR.r!) rih1.dO"' , ·•ithout 

fear of harmin _., the met:11 coat triat '1a.s ,.J.ready been ppl.ied . 

.!nd since tho rate of P.va=-1oration of th9 _·old must be deter

mined by trial , it is important that the step8 of least den

sity , ··hich u.re the most important ones in the use of the ,,·ee..-

, ener, be r-:ci,d"' last , instead of first . Thi:? · idth of the stspP 
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was one millimeter. ,his is close to t e 10\ er lJ. nit 

for use "ith e;ra,iny !)lat es; j_ t ";::,,s chosen , ho ·rever , in 

the h o:rie of taJcing n~.r-nn picturef' clireGtJ.y throw;h t'1e 

·;ea \:en Pr. ? or t· i ~ it is essential to "liA,Ye as large a 

nu ,)er of steps as ~1ossible ··Ii thin tl1e sho ·t ·e ·::.on over 

• hich t e slit is uni ormly illuminated . .. ctu&J.ly t'iicc; 

.1et 10d '1a.s not he~n tried , because the R~, a 1 1 _rht do0s 

not seem to be sufficiently uniforra ov ~r ven a r--r-iall pr'r'". 

of the slit . 

he '.'1ea.kener ,,as ca.1-il11";.1,t'3d by cn"'p~,rison ,. ith 

another , kindly loaned 1)y Dr . ~u~•'1es ; ,·hich nad 1Jeen 

calibr~1-ted directly b:' hi1 • i -'--.n_ A 537 , l'"'in, a very sen-

sitive t P.rmocou:9le. 

T 1 dens i. '·,v of the :-{aria S::'e ctr a ·, as ~e.c ured 

vi t:: an excellen j micro--:-ho .,_on.et er , de~ i ·__;ner-1 by ..J:r . 'heoco-re 

:Junh , , 

th 

i '1 

.,. -r 
t., .,_ . ' 0 .J. 

fo:. 

r, 
, I • 

cL 

th'3 se-'-\in r bein::; in every ··ra- th, se,r .. . I.'~1e :1icro 110 01 

\r ce'"" for P;:·ee 1 i..nes· T r·oc' · C"c· .; - 1 .,_ ·---..,. · 
... - ,r., • .i.,. - .. ,~ - ~ c· 
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_ on,; r 

loco_,l 
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fore or ic + ,. -
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eaGy to achieve , since the ~- 1 s,e ctro~ 

th:=; cer:tral :pa:._·t of :-::.e: len::: to :;r:;vent ju:Jt :Juc:1 ~n occ112..·rencc . 

This has only to 

d.epenc'..inb 1pon the "id t:h of t:'c.e slit and. tho .t ime of t:1e e;;:po

::::ure co templat0d. -t !.::: L1porta!lt , ·:rh'3the:r this o:' the . ore 

~ot include that pa:::-t cf the plate on •;;:ii c~1 t!1e density ir.ar~~;:; 

2.1·e to be r::c..de . Other'.''isc th'3 ch!l,r2,cteri:t1c curve :ill be 



RAMAN EFFECT IN GASES 
·:ery intense ultrntolot 11· ht or wenlength 2536 A 

fro:::1 a mercury arc h ca11Sed to tall upo::i the gas 1:10lecules, 
11blcb scatter the 11 ht in all d.1rectiona , lben this Gcat· 
ter,ui. 11 ..-,ht ia analyeed in a spectro rap!!, 1 t is round t!iat 
in ad.ittlon to 11 ·ht or the ori. inel wavalan-tb there ts no'lf 
aloo 11 ht ot other wanleP.£tha; th113 produces other lines 
on the photo r&pbic plate, •hich are knoim. as r,aman lines . 
The photo~aph:s -.elo'II ahow bow t.be post tion and tntena1 ty or 
the Ranan lines Yary ,-hen the 11 ht ls scattered by differer~. 
kinds of geees . 

The change or wavelen ·th of the 11 ;ht dur1~! the pro 
ceas of -.,tnp scattarod i.!I all'lay a~sociated 'rt th a change 111. 

rwir11 or the scatterin molecule; tho e:ier-s cha~e or the 
o:::ilec·.1le le proportional to tho fre uoncy shift o!' the lt•;ht, 
In the p1cturea 'Mlow are shown only shifts U.ue to chi n11:911 in 
l"Ott1.tion11l enerr., of ths r:iolecule. 

CtiARLTON M. LEWIS 

CALIFORNIA INSTI TUTE OF TECHNOLOGY 

The cllan~ in frequency, meo.su.red in 11'8'H nU1118er 
unite, 1s ,riven by th expression 

17hel'e r is the rotational "-tJ.antwa nWilber or the initial 
etete 

t:,. J is the change in J du:ril\R scatteriniJ 
I is tl:o 1110l'.l8nt or inertia of the .:colecule. 

Since I occurs 1n the d.eno:ninator, the rrequoncy shi!'t AY 
will 'be less for lar ·er molecul11:., and this ia seen to lie 
true in the cssea shown 'bolo1' . 

OXYGEN 0 

The line mer-1:ed ,.. 2 .34, i1 b!.l tho l.C ~U-
not:t.tn to do 1~1-: t.'l question tn :ain.J.. t is lJ' • 
fN 1uoncy of the i:'ICid .1t 11 .t 'I' .:ch c. t be ae a.rated 
out , and so teg:lll elon.« ani oiacures a s:all part o the 

Hemen band. 

':'he tnte:i.sity or thti excitin. :ine, 
intrinsically very mar.y t111e reatEir t! i:n 
ao that the Re.man lines d1JU t,;i l t. av.,ear a 
those dU8 to ~ (wti-~h woul.i tori:. sn exs 
pattern ) !Ll'e i;o VtcrY •oak ttat the:,, mai<:o 
evor on tbe photo<Ta.p.'l1c plate . :o,evcr, 
the two c:aercury lineo appellll'8 ap»:ro,::L.1,etel.: 
pictures •ecause the intez;.e line r:~:AI 1. 

oried. by 1:ia:rcury vapor 1n tbe f,i)<1Ct.N rap 
not a!;isorbed, ere thh, metho not re!IOl't • 
1118 line 'll'OUl<i •e eo iw.:h overer;,o9ed aa t 
part of tha del!lSn 'band. 

.fhen the molecule I.a linear, as in the first. three 
caeea, b. J its alwaye either J)lUS cJr nrlnu11 two, 'Mle Jsman 
pattern 1a tben ratber aimple. The 11.·.ht which producaa 
uacb line 1s acatte.red by molecules which are i'litially in a 
parttcule.r rotat1on1,l st.ate . 'Mle .,;,ra\lual T&rlation 1:1 inten
st t_y ae we ~ tl'Olll one Haman line to tha next hi due p:rime.r• 

11.y ta the different nwnbera ot r.oloculea in t!J.. Tarious 
initial rotational ate.tee, 'nder oach li:\e is iven t.be 
quantuo number 1 or t.he initial state or the moleculoJ hich 
produced that line, Lines to the rt~ht \1011' f:re uenc:n siio 
or the exch,in. line are the re,-,ult of ar. increase in 

;:J.ince all or these t.oleculea ,&Te a plano ot sym
metry, all 1n1ttal valuee of J ooy not occur . In feet. it 
le 5oen that in oxyl"en J ie al'll'ey11 odd, in carbon dioxide 
J is always even, while in acetylene , lue to t.he nucleor 
11ptn ot the hydro ·en et.oms, both even and od:i velue-111 or J 
occur, but the l11tter t~rett tiale-111 na tre-;uontly a11 the 
former. Thia leada to tl:.e "alte:rnatin;; tntene1t1eo" seen 
in the caee ;,f acetylene , 

:11,n , aJ in ethjltmo, tl-,e molecule ta n::,t l1n&e:r, 
we l:lOY have ti. J • • 1 ca well as "' 2 . ~he rre..;us:!lcy 
abi!t.11 or tho linos duo to tJ. J • t 1 11re or.l.y about half 
aa gr1;1at ea the o~ers, end tt-e lines !:lunch to;;:ether close 
to the 11:xcitin· line , ob11cu-ln,7 the pattern in that re,(1on, 
anil chan,'!'ln~ t~e enYelope of t11e mlcrophotometer curve . 

thoee to the left result trom a decrease in _.,. , 
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c.e::.ivad in .3ection - , ~he 2.1.2..cri .. o., r:101 cul 0 i 

r, 

6.1 cr.i. , is a : erf ec t c or":;_:::ro::ii s e . :,~ i::: sr-:~J.J. 

-, tatcs a:'.)r,roxirnation:: ',"oulc. be needed .::.n calculatin: the inten

sities , but~, to 1~ the 3u.mat·on over E c~n be c~rric~ out 

in "'.:.c r:pparc1,tuo is limited, it i::; true , to P..bont lCO "'ounds , 

but 'b.2.:, )rove::: Dl~:'fi cicnt . 'l'he fluol·e::ic,,:rnce , "hic·1 JCJ~ t -i o .. 11d 

to rnc2.oure , r.·ac not found to :;i ve tro 1blc , ~rolxvb_y ~Jee -:.tsc of 

use of rnnonia for this purpo::;e .;c the fact that other iYltere::;t 

shov·n t,o _:.1rovide 2- i1G"''18 of settin; lb:1its upon the mo.·_nt of 

inertia C. ~:o erco..t accuracy is to be ezpec:.cd in this directi:o; , 



since ~1e intensity is relatively insensitive to ch~n~es 

in the ratio of th3 t···o 2:1oment:::; . :ut it is pos:::iblc ~o :::;hci.7 

in thiE ~ay that the nitroGen nucleus is not far frora the 

plane of the hydrocens , thus confirming this no' ·,:ell -

est9..blishcd result . The COl'Olinz of the infra- red DDl1dS ha::i 

• 13 J b b • ,.. 1 een explained by DFmnJ. son on t _e as io o:i. a very on 

pyramid. '.he t\ .. o positions of e0_uili rim of the nitrogen 

- - -- one on eac~ side of the plane--- are ~hen separ~ted by 

so lov· a :potential barrier that t:te frcq_uency '.'!ith "::hich tl1e 

mo].ecule turns inside out is nearly le. - l • .. hen in the grol,nd 

vibration" Jevel. 2ot"i, Dennison 2.nd Lhlenbcck(ls , 0.1:.d. :.osen 
(171 

and~ orse l'~Ewe discussed quantum r1.echanically the vibration 

of the ni_tro;;en clong a line per_;endicular to tho -ilo..nc cf the 

hydrogens; they find that the o~served vibrational frequencies 

2-,re compatible 1.' i th assumed ,otenti:11 ener"': func+ions onl:r if 

the hei ,....ht o_ the p:rramid ic closely specified. Th f i.,;u:res ob-

t 3.ined in the tr:o rapers for thi:::; di:::i tance 3,re r8:r.1:)..:rk.ably close , 

namely . ::.8 and . 365 i . There appears to be little possibility 

of c1uesti.onin • the esse·'1tial correctne8s of these recult:::: , b:.1t 

the very novelty of the ~eann by ?hich they have been cbt~!ned 

makes it of some interest to confirm theri from an entirely in 

dependent arcurnent . 

ith this in mind , intensities have been calculated 

fron the expressions given in section 3 fa~· the pure rot2,tion 



Raman lines on the 10'7 fr~<:._uenc~r side of the unsriifLed 

lj_ne (Sto ;:es lines for t'1ree different values of f = .A/ C- 1: 

the plane model ,(3 =- 5; the model indicated by the analysis 

of Rosen and. Lorse , f = -. 367; o.nd the cphcrically symetri-

C ::,J_ mod-31 for "'hlch ~ = O • In 2,ll these cases it has "been 

assmned that = 2. S0 •lC - 40 "'r:1 cm2 and ,.,, = 12°c . The con-.. 
~ 

etan ts in the ex.:.1on enti al s of (25 
' section 3 , ere then 

:S/kT ==- ~ 0449 , and :B ~ /kT = -. 0164 , - . OS~4 , and o, in the 

three cases m8ntioned above. • .. it 1 the:::,e values , th2 product 

of (' ✓-) by (25) V'as summed explicitly over all V8,lues of 

K frori - J to + J . The results are collected in .:.'able 1. 

"ince it i:J not feasible to measure the absolute inten

sity of .aman lines , only the relative intensities of the 

v~~ious lines in each case are of interest . Therefore the 

calculated int'3nsities e.re e~re:.:s ,d in suc·1 units ~or eEi,ch 

model that the line J = -1 ➔ J = 6 1:rill have the s2:.r.1e inten

sity in all cases . This line--- rather than , say , the most 

inte~£e line of the spectrum--- is chosen qs the oint of 

contact, because the calculations for the different riocl els 

then e.:,ree better for P. l:1reer number of lines . The co.rr1pari

son with ex:9eriment rras therefore simplified by this choice . 

The experirrent al intensities .:;i ven in Table 1 were 

obtained as described in section 4. 'i'he ..,, moni·a ,,, + ., n =· . .. G. ~ ~ c.i:: en 1 r o r:1 

c. commercial cylinder , dried over Dodi um hydr-oxi de flal:es , 
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cond.ensed , and evaporated into the ap::,aratus . :Cressures of 

? 5 to 100 ::.:,ounc1s :per sq_uare inch v.'ere employed. In !"10::C: t cases 

a no~erately ~1de slit nas used. Since the i ntrinsic width 

of the rotation lines - - at le.ast at the pressures menti oned 

is one or tv10 freq_u13ncy uni ts , this serves to increase 

the intensity rii thout br ·adening the lines a:ripr9ciably . 

J. typical spe c trum i s reproduced in ?late III. The 

greater sharpness of the Hg lines is clearly evid~nt . fhe 

very effective abs orpt i on of Hg 2 537 by ner cury va)or in the 

spectrograph is also ev ident . This detail of technique uas in

troduced by Ra2etti and has oecoY"le v!hat may be call--=d stendard 

pr ac tic e . it is especia,lJ.y effective in cormcctioYJ. r;ith the 

:-Ii lc;er :S- 1 s p e ctrograph , since the total light .riath is then 

more than teri feet . The advantage obtained i11 this "ay is suf 

ficient to justify the com~lications and added exJense df ~or 

king in the ultraviolet ; the greatly increased intensity in 

this region m3,y there ore be cor"sidered a.s a free gift . 

To facilitate the c ~;arisen of exJeriraental and 

theoretical intensities , these ar9 rlot~ed for tJe various 

lines, bo tl1 Stokes and anti - '3 to~<:e:J , in 2:'l ate IV. 7 e lencth 

of the s olid lines r presents the i~tensi~ies c~lcul~ted for 

the u rorse a model ( R- /c 1- ~t ,. 1,.. • l t ·'' t' · r - ~~ - - - • 0 ')( 0; r:.01~1· o ... ne :pyramid 
- 8 \ 

0 367• lC cm. 1 • The other symJols are exJlained in the 

Plate. Initial valve:; of J for the v9,2~iou3 r&.nches are Gi V':3n 

b0lon each line. 
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'1,n-".. nuclcar·sJin , it r.', clear fro. ·:'c,ble 1 t!'lat i·~ ::::.r,...:.·Lo_,ch.c 

zero ~o:>.' ''ich values of J . :f!'or the 3 )r.:::ncYJ. it is 21ot more 

rection is a ou one ::.11r . ... 1 rn l-::, .., 1~ ,..,,.. i... - -- -b t -{ • 1.· ~,. '·o t~e R br"'..,.,c-:,, , "0. f_i na· 

and J =- 5 arc a ltr-::red by 1 3,~ and 9. 4,; respectively , -'-11C. in o.,_.,

po site directions , so that they clrn.nGe pla,c es in or:ier of in

tensity . ln plate rr the intensities calculate6 for no :::.1:-'in 

Brc plotted only for the □e t ·o lines , 3ince the ~cvi2tions in 

tho ot·:er ca.Ge::: Rr:; too srnaJ.J. to detect e):per:tmentally. It ic 

the ex)eri:r:1en

tal :,?oints , th3,t the Sj,')in effect rust be tc1ken into ::..ccotmt to 

0 i ve agreement . 

·e !;12.y no·· ex3.Illine the ceneral ;.gr-ecr1ent b;;tr:cen e.x

pe:ri. ent an~: th ca l culationc fror:1 th8 Lorse model. Cut of the 

J 7 lines plotted aJ 1 bu-z. 5 Gho~'/ 8..G close agreement 8.G one could 
ex~Jec t . _hese are the transit ions of i from 0 ➔ 2 , l ➔ 3 , 3 ➔ 10 
in the s oran ch; 9 ➔ 10 iYl the R 'nanch; and 3 ➔ 1 in the 

0 branch. I' 1e first of these , O ➔ ? , i s too cloce to 2537 for ac

curate rne3,:::urementc . It i::::: believed that 9 ~ lC f':i,lls u_:,on 2, 

··0ak TI.'.; line , thovgh this 11."l.s '-"'till to e ~o::.1fin1ed r' irectl~. 

The error in l ➔ 3 is only about 11,; , 2,nd is no-1~ di:; tressing . 

Tb.ts leave □ only one anti ..,tokes line , 3 ➔ 1 , 1:ith an eri·or of 

l 7;t , P,nr:: one Stokes line i~ -z.he R 0ranc'-1 , g ➔ 10 , ,·,hich shov. 

definitely Lms 2,t isfactorir .<:i,....re "'r.ien t ,,,,fl"' ,~"'n"',,.." 1 
v '-"'t:>· -• • - _,o\,,., ...,, ... ._t....&.. "tre.;10_ cf the 
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intensity dist:ri u ,ion follo' s th~ co.lcula,tccl val' es very 

• 1elJ.. . 

In particular it is s e~n thc1 t the I'c.;,tio of in ten

sity of Stokes to anti-Stokes lines i~ just as p~edicted. 
,1s) 

The fear expressed by ..:\.rnacldi and : laczek t:h':lt the anti -

Stokes lines I ere stronger than i1redicted r1ay therefore be 

lai~ aside . It was based only UJon rou6 h intensity estim.tes . 

The ac~uracy of the observations is not sufficient 

to distinguish be t ·•een the 1:orse 2,nrJ. 

.nd v2..lues f or the latter (see '::able 

the 11lane :nod el f o:r 
- t'Vlc..lv. cl -ed. 

1) are not Ain ~late 

• 3 ' 

rr . 

Cc1,lcula ted intensities for the spherical ~odel are , hov:ever , 

included for those 3tckes lines in which ~he devie,t::i.on is c,p

~)reciable . In no case does th.i.s model give better agreement 

than that for ?=-. 366(r'ith t11e ::;:iossible exception of the 

line O ➔ 2 , 11!hich •:re have discarded as being too close to 

2537 • On the other hand 3➔4 an.cl ~5 sho';.r slight 'reference 

for the ! orse model , nhile 7 ➔ 8 ann. 11 ~ 12 ::1re conclusive 

evicierce that the nolecule is nearly planar . 

Raman ::?reou enc ies in . , m1.oni a . 

}?requencies for both the rotation and vibra:ion 

H2,ma.n lines in ar.mJoni2. have been determined by completely 

indenendent measurements of the tTTo best plates . In obtaining 

the shift in f re<1_u ency , the average of the jtokec c:'..nd an:;i-
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tokes :::::·ot~tion line t'"" ta.k~n '"',r:- thP f:re ucncy of t'1e 

e)i:ci tin~ line . :n _ ble 2 ,::,,::.:c gi V8!1 the o )Served - am2n / 

frequP.ncie:::i , ,·hie 2,re r:i,verar;es of the ~tokes and anti -

Jtokes lines on the tvo plates . 

Lines for L\ J ~ ± ~ ('-' 2,nd O brenches .re 11stec. 

1 f +' f A J- = ± l (-~ and se_arat~ y ro~ ~~03e or ~ 

T'1i '3 is because the frequencies are fitted more closely if 

in the two ca!;rns different constants are taken for the depend

ence of the moment o:: inertia ur1on the ro t2.. ti onal ener"'y . 

Calculated req_l1encies have been obtained by th~ use o:' L1e 

follo·in; expression for the ~otational energy level8 ■ 

.:i,/hc ( J + 1 ) + Bo f K2 J2 - BOJ - B' 
0 

The second term is not im_:1ortant , since K 
,,, 

frequencies of the s bran ch lines -'-ll- are 

and of the R branch lines 

' 13 0=. O 32 for the 3 branch c:,nd 3
0
= g . 9 ·) , 

') 
(J-t-l)J (1) 

does not change. 

found to be 

(3) 

:::; ' =. 000.~3 for 
0 

th ' R brancb . 1his use of different value2 for B is a 
0 

pure y empirical procedure , ~nd appears to have little 

justification 1)eyonc1 the a...,reement produced. n ,;,DJ cq,se 

it proves impossible to fit the observed line~ by neans of 
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ex""-:ressionc ( '2) anr' (~, and a ej_n._,le set or' cor.:-tarit~ . 

It r1a:r be tr.~t a ifi'erent _,..orm foJ :·h 0 last term of ~11 

·,ould be r:10re oatisfactory . .;;h" tfl':)ory behin t is c __ estion. 

vil]. r1 eed further inves ti;:;a ion. 

Clearly the S bra~ch iives the ~reater -ncuracy 
-40 

ano e shall co 1sider it alone . :t :yields a ral' 0 of 9
• 7'JC ·I O 

-for the noment of inertia . This is an excellent average 
f1" ~'/;Ol,\ S 

of Adeterminationa . The constants 9 . 9~ and . C005~ arP renar-

abl~· clos-= to those -3iven b)r Dic.dnson, Dil~o'1 , 1.nd .t-:·-~ett:i.\
191 

1 ·ho found <) . 9~1 and . C006~ , using the ene1 7 y fornul~ 
') 

• i,.J -- ~ 
2 ~o 

heJ • ere not troubled l)y the R branch, r,ince they did not 

observe it . . \..P"'"',1 1 i anr1 ::.laczek (18 1 si ve fre,:uenciec , hich 

1.re systematically abou "':, 1. 5 cm- 1 '.1.i::;"l-iPr -:,h· ,n o 1r 0
• -hey a:i.~ e 

non~ inte. ecsted in ott.er feature,.. o. th<:! B ectru!" and o not 

Tumin_; to ~ e vibr3..tion lines , ·rn find -:he fol-

results of ot'"'er author 8 . 

ntevi . late 38.: 

3 
4 

10 

n 3 I .• ,S 
•:y~ . l"i 

'.3219 . 0 3'21~ . l 3';19 . 

3334 . 1 
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CC t_ , 

1 i.:::o,., ccr:r o <' i. C to 
~CL r.c. no 

con_ ir .. ed "'.:>.,-
• .L. 
-11 :; I., • t 1!C., :.o '-"-

'.1t in 
V 

1 ..... ---·"'- . 
3o ne evidenc8 r.as found. of P and R bro..nchos , b .. 1t , 

due to the very lo-·i intensity , it vrac n_ t entirely co .. cluci-re . 

'i'he reiion in ·hich these lines shou~.cl. fc~ll r:2,s co ,pl2cat ... 1,_ oy 

th".:: vibra:icn line::: of ethane and rropa.'1e , 

pr~sent to t:ie extent off to 10 ;?e rcent :13 impuritiec . l'he ... . 

of - 2,oetti. T •• e vibration- rotation S)ectfu is s:10\ n ir1 the 

lore~ microphotomcter curve re~Yoduced in _:1te V. The ve~ in-

tenre Ra.mm lin:; sho, .. n is 2,t 3916 c::1-l 

tric2-l vibr~tion; it h.:;.,::; no rotation •. 1ing::::: . l'he rota'·ion line::: 



._,o h 

i □ c:"'..n.;ed very little by t~w vibr2,tion2.l r,,otion , but 

anc o( aTe chan-ed in c.:.fferent di:r3ction:::;, cl.est cJin..; t:_e zz :., 

cpheTical symr1et!'y of the :po::..arizabil_ ty tencor . :t i..., for 

th:.i.s reason that rotation lines e..J.Jear , t: Ol.'~:'! th3 Q 1?:'8,nc.,. 

i ::- rnuch Y.'ea!::er tha1:1 that of the completely syrn1et1 ic?,l vi bra ticn. 

J. t r!a:::; found , i!1 a0 reement ,_. i th the quali t:1tivo 2:·e

sul ts of Ra'Je tti and of :Bhagavantur1 that the pure rotation 

band o .• !?le thane was ccr 1,ainly of a lov:e:r or .er of inte.1si tJ 

th::i.n the..t of moleculeq 1"ithout spheTical etry. ~: t~ is in 

,ccord ':ith t:1':; theory . Sone ,..light evidence •ra:3 found, ~fter 

e1:~osureo of lGO hours , o.f very faint line □ Qt about the _ o

si tion th·'t rota+.ion lines i"culd be ex_ ected to appear. It is 

tho t 6 ht , h01.·.reve1' , thou.;h it has not 'been definitely establ:i.ched , 

~h2,t these a.re extremely ·:e .k mercnry lines . _1 te V s·.o,·s the 

s trikin,; contrast e tr· een the pure rota ~ion of r.ieth;:ine_ '1d of 

ethylene. The faint lines referred to a,re ma:r:·:ed , and one rray 

judge fo1' imsel::' of their reality. 1.o critical tc .... t 1.s to be 

found in lh frequencies corres~ordin1 to t1eF becmlse of the 

interaction 
8J 

and _ioza • 

of rotatioYi ;:i,n,- iri ratioYJ , discussed by 'ell.er 
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M: - 1'-A 'If' VI ' \A T I O N 

9 ' ,..uUR5 160 LBS. 



~~thyleue 

rho •s a. curious uroup111G 01 . P. -- ,e_ --• • ~ th 1 i:r; , into ... r-iir,... . T'.i 0:; is 

morA evident in the line □ further fror the exci~in; fr~ uency , 

as one ·01t1o ex3:ect , for here there is not tho co p1jca-:io:r. o_ 

traYJstitions in i1.1ich Li J = ± 1, ·:·hich may be expected to 

obscure t e ~at·erns in th~ close:r rart of the ba~t . 

Cn the other hand -ro the lines it½. :'. ,r6 ec t f!'e -

C, oner :hat . 

The :plate '-'rain mR es measurement of this f i ne 

s true ture very unc ertain. Tl1 i :3 can be very cons 1dcr:1.b"ly 

)~emedi ed by ~ tudyin enlc ... r m en ts nade fror 1 ... he o:ri:=inal ir 

cir ction D~r~llel to 

the R ~ an liner . T A ima,; in th"' o 1~ .,,.. .. er·en .,_ is t' e·1 blurred 

in this direc~,ion , but is sti _ in :-·harp foc119 in t'1e directi0n 

~erpencl.icula:· to t.he lines . ~ 1e results of t'1is ... ::ocess are 

s .. o .. ,. ri!n Jlate VI •• 1..ere ~:. 0 reproduced enl ,rcer.1en ts rLc in 
bands 

of ~~1e rot&.tion t\of ~t'oyle::--e , ca,rbon c io--:ic'e 

Thef irG t t,··o of t 1ese may be compare , \' i th the enlar....,emen ts 11,ade 

in t e usual v,ay and reproduced :--orne1v at im:9erfectly in the 

:nd et':1ane . 

11 

:Sx.11. j_bit " fol2. ov:ing section 4. It is important not to move 

the plate further than is necessary to wipe out the grain. Other

wise a blemish on the plate is transformed into a line which it 
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may b e difficult to distin3uish from the t;enuine ones . In 

Plate VI one can see hovr small a distan c e the plate 2.s moved; 

:or example the 'Tery short lines , 1 rhich arc iron stanc~_:.:,i•(s , do 

ir.. the o:ri;inal. 

I ·t f .,_. 1J"' J.
0 ri·n r f tn' e l:. tte3 , 1·:h1c .... is :::o cle.::.:c·-n 8f, l e O Gile "'w 0 0 

th'3 val1 es obt:,incd fror.1 the enl::-..r ·e:'.:1en t re"' reduced , 

f··om t'1ree different :plates .:tee,surcrl. __._irectl: . 

v-,i~es ri, re calcula 1;ed for =
0
=. 92C , 3..nc' _re "::een to 

:._i·'- -.,,o(:_3ratel~r i. ell , if .,_ 2.ssume th ,t only line:: for ·1.1i ch 

L1. J = ± 2 are observed. ~his value co rresponc::::; to o. :r::1or:1en t 

0 
-AO ., 

inerti o, of 30. l • 10 ... Gm en~. Since ethylene is not p1 c-

cisely a syrnrrietrical rot~,to_ , thi'1 :i.'J to be intei· ·cted ::-_;:i ::., 

nean of the tro nearly Gqual moments of inerti.2. .. an __ := . '.:'h.i:: 

in':er~,:'etation :i1 as been confi:rm.F.d by n. c,1- culo.tion of the ener-

·y levels f:.i-·om th:; fon:1ulac . 1~.. ::: 
~iven by ~enn2son ' for the 

a::ymmetrical top . It •• as found that for va.lues of .J u.,_> to ci:;;: 

the c:3-epar ture :r om the syFJP1etri cal to"? f ormul n. "'~:::i nG:;lizeable , 
1
·h'.:ln th~ mean of A and I3 ~·r_,:J used :z'or the rr.m"ent of inertia.. 

The value 30 . 1 for( . + :J}}t; .""..e_y bo co□):J.recl '!lith 
1 

and :S -= 30. 32 , c 2_lculE::. tod .(>"" o,,,,., -Pa 1 • , 1 ... - "'" - u 1 n0 :=:: vc,_ u e:J 

inte~ato~ic distances , and o.ss11m.j~-~ ~hA + +r · d 1 1 
• •>.__., J• ~ ve v c...!18 I'£'.. ::l.ng e 

0 109 28 '. 

of the 

of 
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The disa,:;reer.ent ,,ere i::: small. :t ,.:a~: e du0 to a 

faul~y interyrntation of th~ banr . • hen tho ;airin~ of the 
-the1M 

• • • d 1· t ., 1 to '"'r 1 ·..,,, in t• n ~2nes lC reco_;n1ze, prove:: ~00010 G.., ""~- ··•,::,v A_- · ·-

f-Pt'J , 0~11 h9,v:i..n_: li:.ear S:'.)J..cin0 , but it:h sli...,htly diffe!'ent 

constD..nts . ,1;tails of such ~n ascie;nment need not oe entered 

into , since no ex_1l'-'-nation he..s oeen obtained for 1 t , ~~n( t!1.e 

dat·, i: insufficient to 1:1.2...lce it definitely su9er-ior ,o 

a3Gi_;nment ziven eJJove . It ic mentioned to sno··· tl..at a cmaJ.l 

error in 3 0 may be rri?...de from such a source. :t may 1:rell be 

th::>,t the roto.tional oscillation<> about the doublt:J bond will 

need to be taken into account . 

The further question of t.he absence of lines uith Ll. J =±l 

is not serious , since they ·,ould appear only in t·rnt part of 

the s ,ectrum 1hich is ::iretty \7ell clo ;;;;ed u:p already . ·.:he 

aureement obtained in Table 3 is sufficient to 9.E:c,ll'e th2,t the 

Qeneral ~spect s of the assi~nment of the observed lines dre 

correct . 

thane 

A sreat many :-iictures have been taken of ethane , "bec2,use 

its <J:_Jectru::1 shows just sufficient :Lndications of structure to 

::ec:p one ' '3 optimism flov.ri ohin6 . T}iere i 2 cle2.r evidence in 

several pictures of structure in the vibra1,ion- rotation band. 
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T,o···ever not en.ou.:;li lines are presen' to r1ake .,.:1os2iole c. 

definite inter!rretation. 'p:i.::i,rentl;,r the obse:::-ved lines are 

cue to systematic vari~tions in the intensity of the ~ctual 

fine otruc ture , '.7hi ch ce,nnot its el£' be resolved. '.:.'he spacing 

is not too small to permit resolution of the individual lines; 

but each line is probably broad , due in :•art to pertu:::-o~tion 

of e-:·wh r.iolecule by its neighbors . '':'his could be reduced (as 

has een noted especially in co2 , ('.20 and by ha6avantui:1( 21
~ 

in 02, and other gases) by n<Jing lov'c r pressure , bu: then t_1e 

intensity is not sufficient . 

The pure rotation "band has sho,·m resolution only 

i:!'.l. tr: e last :_)icture t9..."ken . . series of r8..ther bro:i.d lines arc 

clearly evident , anrt :"ielc the freq_uencies 0 iven belo:·. ':'hece 

are averages of readin~s taken directly frorn t10 r,l2,tc , nd 

• rom enla:i:~ements such 8,8 t.1e one re_roduced in Ilate V~. ~he 

s,acine is seen to be close to 7 . 2 cm- l 

OQ_served Rotation Structure in ~thane 

Stoves nti - StoJces 

3 7 . 3 
·\ - I 

.c \'V\ 36 . 3 ..C'lM 

45 . 0 .t14 . o 
5'.2 . 4 52 . 2 
59 . 6 59 . 7 
6 1 1 2 G'-: . 5 
7 3. 1 7 3. 6 
80 . 5 79 . 9 
86 . 0 97 . 1 
91.0 
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moment of inertia C if ' e S3Ul e that thiG broad c_;tructure 

j_s due to c}1anues of t '/O in r • i th con,.. tant J • :Su t K is _ er-

• t, d t h nly i '·,'1e t· o pol ?~r i za il i t~r com,....onen t _ ' \ -:::y mi. J ,.:,e o c ~n ·e o - _ .t:' ~- _ 

an ~ __ crpendicul2,r to the molecular 3.Xis are dif~ei·ent , 
vr 
V V 

and thP.re ee!"'.s no re9,c-,on for ex!)ectin6 ~his here. 

In addition to these intensity ma::dm2. there :i.s 

a P.1 vch finer r.tructt re . _h1s ha.s a :::::pacin6 of a li "'.:-t1e nore 

t _r,,n a q_uqrts:r of the ot11 er, namely 1. 9cn-l . ~f it •;rere exact -

ly one ~ua _ t 0 : , "e ... c ild su ... pose that eve!': f o· rth line of the 

f,.DP. r-t~·1ctu,...e,as ·•en.•e~ (o ... ~· ntron.•_P.,r. t'n"'n .,_b,., re,-.+ ~•-iv1·n,... -· ~ ..., .! ~ • c; - _ I '-' '-" - -~ v , u~ •u 

t 1e anC:ed f:ect ,, e have ointe< oiit . Tho accurac~r of measure

ment so fa,r is sufficient to thro· doubt on thic exrl'J.nation 

"i"'.:- out m ':in..., it definitely u1te a1le . 

'"'uch considera ·ions become relatively unir.rpo:rt .rit 

, hen one notices that the s~acing of the nar: O" sti·ucture is al-

mo t id<;n+,ica,lly h;;,,lf of t'i-'1.t observed in ethylene. :'he .:p Jearance 

also of et ylene vi' ration lines vpo·, the ethane plate confirms 

t ne _Y)l'J:J~nce P,,;.i a11 _-i_,..,..,,_1.1rety. -.pp +'or 0 xa.,....,~le Dln .... r-1 'l"•e - ~ IL - - oJ J , ' • ~ 1, •,:_'•- ' _ r _, , , _ • ~ < 

···ac; use 

:r-atheson Company. 

renecly th0. cliff icul t::,r if tt is due to other causes . 

o C"'erved s:, ct u . C·1e •·onlr ex·,"'ct, i: both 



• onl 0 CCU!' 

el::. e th.e 

- .L -- l, s 

line~ f o .,.. 'hie' ~ ;; =±. 1 , ~lthou).1 no ~Uc' li'Yl'"lS • ere o se~t -

ved in t 1c s· ~c ti 'fo of et '-ylen' j_ ts el: . '.::''1i s ..; 

- ,.., __ )_ C 1'1 

C 
,. , 

11"> , u 

(_' tc 
_,_, , c 1. A , cr:i.- 1 be V e ,... ·1 

corr snoncs to a . ~ . :'_ ..... 

.,.. VO • ' :i ~ r.. . ) 
.C', 

"' 

·i··1·L,,,._· - -'-l,a,..,,_·,.. ,•,•,...,_ .,.,c,, , ~,,,...•~ ~·1· ·-r ~- -i-·on ,· 
,l . \. ~ .i. J t-.. J.. I J J . ..4,. _ ~ .,J - in-

'-ior.. 

f the ri10 •. n'c o::' ln'"'rt i a . }:p "'0'·• 0.~ -:-:r1e11'L,- , '10· .. -v,,~ 1· • -~- ""· ·::. t .~· •:::.!. _ .... enco·:::t.,;ir:....., . 

o~cd thct be t te~ rec ol1tion na~ y et be ~tt inot . 

of ~l1e :.·ota.t ion rm 

th 

of c rbon Cioxi(e . ~h:" ren~~ns , co far 

,.., 'T?' • 

V - V 



·e 

1 f ' • ' t t a-1.'P 1· r cl ude•'. elo·. •. :;_,·ie 3 , ro1.: • _11 en .::: rac ;:; -

:te;:; ul d ng " • • • 7C ? lC - 40 v2.lue fa:· the no:ncnt o:i: inertia io • ~• 

cm2 . ~. late VI cho ··r; an enlar~ :::-,1:::mt 1,iade by the 

described c,bove , of the rota.tioi1 band of CO') • 

roccss 

... cetylcne_ 

T1.1e mo •ent of inertia of acetylene is so snal 

that no di:i:'ficulty is r:mcountered in resolvinr· its strt.ctu1· .. 

The s:;e c trum e,nd a mi cro~)ho tone ter curve e,re s o·:m in the 

11 ~:::hi bit ' above . Le2.sure1:vrnt of the linen yielded a value 

for A of 23. 45 • 
') 

er~ , · ·hich :.;,_,rees very riell ·i th 

the infre,- rec: result of Iedfeld. nnrl rec':e( ~"-') , ·..:3 . 509 . Th'3 

alternating in ten;:;i t i es ;:;ho 'In in the reproduction are fully 

ex·•L 1ned by syio_metry consideration:i ·::1en a nuclear spin of 

1/'2 is as signed. to each hyc~rogen Fl,ton ( l 4) . 

• hot on S in 

been r:Je,de to re - examine the ex·,erimentn.l foundations of the 
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ROTATIONAL RAMAN SPECTRUM OF CO2 

The measured values of the wave-length changes are given in table 1. 
Since the position of the over-exposed exciting line is rather hard to de-

TABLE 1 
SHIFT IN CM, - 1 

n J OBS. CALC, OBS. 

1 0 2 .36 
2 2 5.51 
3 4 8.66 - 8 .93 
4 6 11 .58 11.81 -11.67 
5 8 14 .76 14.96 -14.91 
6 10 18.25 18 .11 -18 .02 
7 12 21 .59 21.26 -21.46 
8 14 24.52 24.41 -24.67 
9* 16 27.58 27.56 

10 18 30.66 30.71 -30 .73 
11 20 33.92 33 .86 -33 .29 
12 22 37.08 37 .01 -36.97 
13 24 40.21 40.16 -40.23 
14 26 43.42 43.31 -43.36 
15 28 46.45 46.46 -46.52 
16 30 49 .84 49 .61 -49.50 
17 32 52.46 52.76 -53.46 
18 34 55.54 55.91 

termine, the shifts are measured from a point half-way between the posi
tively and negatively shifted lines. This differed by 0,36 cm. - 1 from the 
estimated position of the mercury line. 

The calculated wave numbers are from the equation 

V = (3.150/8) (4J + 6). 

This formula, together with the values used for J, shows that the rota
tional quantum number, J, changes by two units in a transition, that only 
even rotational states are present, and that the moment of inertia is 
70.2 X 10-4° g. cm. 2 Since the positions of the lines are probably not 
more than 0.5 cm. - 1 in error, this value for the moment of inertia is prob
ably correct within one or two per cent. 
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·on') 1n to 

~~- 1 ~ .... ectro'-'raph is ::fr10'.'n , •."ith a rnicro:_1111. oto:"letcr cu-·vc7 in 

the spL1 theory , but could not be c,.vlled conclusive . :.i1nce 

in thir case only a conclusive anP1er is of in'erest , the 

1 ethod ha.it to be ;i ve:1 -,1.p . 

In conclusion , the ·.-ri ter v. i shes to ac 1 nowleo.ge 

hi1 in,:Jebt2d:1ess to rof . .. 11:;__ia,rr V. :-i:01·ston , u:1C:er ---1iose 

na,s a constant plea--:u:;:e and L1s-,iration . 
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:..·ot ·,tio. lines fo::c 11:olocules of thG sy1.11·10t1ical top cl::::--:; . 

1he result~ o~ this calcul~tion arc ve~ifis( cx~8riuen-

:~n'co account; (3; t:hat t1.1e relative i:1tenrity of the .J.~-brc,nch 

'i'ho frequencies of t ... 1.~ ro t2-t • on and vi r ,~ion li:i.1e of ;:,r.non:i. .... 

ar~ also dinc~sscd. ~1e line at 3219 crn- l is inte1Jrctod a3 

du2 to t~10 u'1.sy:nretr::cal vibra~ion of t~1e h .. drogen -1uclci , not 

.lh. rota.ti.on s '.:.ructurG o: " "er:'.e-:: of tho sl.: 1le1 :iydro-
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