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Abstract.

An account is given of the relation of the theory
of the Raman effect developed by Placsek to the theory based
upon the Kramers Helsenberg dispersion formula. The equivalence
of the two is shown in the general case.

An outline is given of the proceedure used by
Prof. W.V.Houston and the writer in evaluating the integrals
resulting from this theory for the intensities of the
individual rotation lines for moleculass of the symmetrical
top class. :

The results of this calculation are verified exper-
imentally in the case of ammonia gas, using accurate photo-
metric technique. It is shown (1) that the general intensity
distribution over the pure rotation band is as predicted;

(2) that tine effect of the nuelear spin of the hydrogen atoms
must be taken into account; (3) that the relative intensity of
the R-bzanch lines and S-branch lines corresponds to & mole-
cule whieh is nearly planar, in agreement with results from
the infra red spectra. The frequencies of the rotation and
vibration lines are also diseussed. The line at 3219 em=1!

is interpreted as due to the unsymmetrical vibration of the
hydrogen nuclei, not previously observed.

The rotation structure of a series of the simpler
hydroearbons, as well as carbon dioxide, has been invest-
igated. Methane shows no pure rotation, in agreement with
thieory. The rotation band of acetylene has been obtained,
and glves the value 23.45-10-40gm em2 for the moment of
inertia. Ethylene shows & structure with slight irregularities
which have not been fully aecounted for; the moment of inertia
is found tu be approximately 30.1:10-40 gm em2. An inter-
pretation is suggested for the results with ethane which
ylelds A 38,2 10-40 gm em2. The resolution in the case of
carbon dioxide is entirely unambiguous, and gives
A 70.2:10-40 gm em?2.

Charlton M. Lewis.



1.
De

De

>
-

De
Ce

7e

e
10,
1l.

)

o

13.

A
=9

Referencess

A. Smekal Naturwisse.

HeAeKramers and W.Heisenberg

« Reiche and H. Rademaker

4eTePhe

11, 873, 1923.

Zef.Ph._31, 681, 1925.
I Born, We Heisenberz and P. Jordan
ZefePhe_35, 557, 1925.
We Wood Phil Mage. 79 774, 1929.
F. Hagetti Nat. Acad. 15,2343;815,1929.
s CeXemble and F.L. Hill
Phys. Reve 33,1096, 1929.
In‘?to Acado _];é_’_ :37, 1939-
F. Rasetti Z.fePhe 66, 646, 1930
E.Teller and L. Tisza Z«fePhe 73, 791, 1932
JeHe Van Vleck NateAcad. 15, 754, 1929.
Ce lanneback Z.f.Ph._62 , 224, 1930.
G‘O Placzek I. Zo'{c.‘c—:ho 702 OA l\v.)d-l
II. Leipziger Vo*ulmger, 1031,9.71.
Inglish Bdition, Blackie &
Son, 1932 p-o5.
Ge Flaczek and H. Teller
Zef+Phe_8l, 209, 1933.
M. Born and R. Oppenheimer
: Anne der Phys. 84,457,192

444, 1926.

41,453, 1927.

For further references, see Dennison,

T >
Fc .;U‘J.l’ld Zc f. Iiilo

Da M, Denni son

Rev. of 1 lode PI g Se S

(14) s De r,l:.’)a

40 , 742, 1927

+280,1931.



15.

16

17.
18.

19.

E.F¥. Barker
DelM. Dennison

D.1,. Denniscn

¥

1M« Rosen and P

e Amaldi and

ReGe Dickinson, ReTe Dillon and Fe.

W.Ve Houston &
S« Bhagavantam
He Hedfeld and

S« Bhagavantum

- 2 =
and JsDe
and GeSe

QIL:Q T—OI‘S

Ge

nd Cella

Re Meck

Placzek

Physe. Reve_J33,
Hardy Phys. Rev._39,
Uhlenbeck

Phys. Reve_41,
e Phys. Reve_42,

Lewis Nats Acads 17

Indian Journ. 6

.

e ZefoePhe €4, 151

Indian Journe. 7

B

2 isial
| B SR

210, 1932,

Z«fePhe_ 81 , 259, 1953.

1929,
“1931.

, 319,1931
, 1930,

s 107, 1932,



Historical development

Raman effect theory.

Smekal's consideration(l)of the modification of the
frequency of light during scattering was based upon the cor-
puscular description of light quanta such as is employed iﬁ
discussing the Compton effect. Kramers and Heisenberg (2)
showed that the same phenomenon could be predicted by the
wave theory of light. Treating the atom by purely classical
analysis as a multiply periodic system, they expressed its
electric moment, when perturbed by the field of an incident
light wave, in terms of an expansion which contained not only
the frequency of the incident light, but combinations of this
with the frequeﬁcies characteristic of the atom. The coeffi-
cients depended upon the contact transformation from the action
and angle variables for the unperturbed system to those for the
perturbed system.

At this point the transition was made to aquantum theory
by means'of‘the correspondence vrinciple. The frequencies of
the multiply periodic system were replaced by those associated
by the usual rule with transitions from the initial stationary
state of the system to some final state. Hach coefficient in

the expansion became essentially a summation, over all possible
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intermediate states of the system, of the product of the tran-
sition probability from the initial to the intermediate state
times that from the intermediate to the final state.

The essential feature of this mode of attack is the ap-
pearance in the intensity expression for each shifted line of
a summation over all excited states of the system. The presence
of these intermediate states therefore becomes an integral part
of the physical picture of the scattering process. It is impor-
tant to note that this physical picture of the process as a
" double jump " rests solely upon the dispersion formula. In
other words it depends upon the mathematical ma.chinery by which
the Kramers Heisenberg formula was deduced, and could not be fore=-
seen by purely physical reasoning before the problem was trans-
lated into a mathematical form.
Needless to say the later rigorous quantum-mechanical derivations
of the formula (5) do not alter this conclusion, but only sub-
stitute a new machine for the old one.

As a result of this method of derivation, the phenomenon
of the Raman effect was for several years interpreted piysically
only through the double Jump picture, and depended for its quan-
titative treatment entifely upon the Kramers-Heisenberﬁ formula .

JMuch information was obtained from this point of view.
Yor example, the surprising fact, pointed out by Wood, (~}that
alternate rotation lines Were missing in the Raman spectrum of

HCl was soon explained on this basis. In order that the state P

may combine with the state 9 in the Raman effect the double jump



picture of the process requires that g may combine with some
other state r in ordinary emission or absorption. To produce
any appreciable intensity, there must be many levels r for
which this is true, which means that they must belong mainly

to excited electronic states. The Raman selection rules are
therefore to be derived from the rules for band spectra. It

was clearly pointed out by Ras#ettj(é)Hill and Kemble,“6 and
others, that this required, for diatomic molecules whose ground
electronic levels were 23 states, that the rotational quantum
number J must change by O or +2. For molecules in a T state,
however, AJ might also be + 1, since for band spectra AJ
could then be O as well as + 1. This has been confirmed by
Rasetti in the case of the molecule NO.“)

But sdnce this method of analysis reqguires a knowledge
of the selection rules for band spectraw , it is not adaptable
to polyatomic molecules, for which in general electronic tran-
gsitions have not been studied; this is a serious limitation. It
is true that one can make definite predictions by assuming that
the electronic change does not affect the usual selection rules
which are valid in the infra-red. But such a basis for theore-
tical predictions is hardly satisfactory.

As a matter of fact selection rules obtained in this
way for rotation lines turn out in general to b= correct in
polyatomic molecules. The dependence of the rotational selection
rules upon electronic structure, mentioned above for diatomic
molecules, does not hold in general. This is because it is con-

necteq with the impossibility of defining relative to the nuclei
an azimuth about the molecular axis. The coordinate associated
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with electronic angular momentum around this axis is there-
fore one of the coordinates fixing the position of the system
in space. For this reason in linear molecules the component of
electronic angular momentum along the axis plays the same role
in selection rules as the same component of angular momentum)
beasured by K)due to nuclear motion in polyatomic molecules.

In both cases the effect is to permit AJ = + 1 in the Raman
effect; but when the angular momentum has no component along the
axis ( 3 statesy, or K = 0 ), AJ is limited to O, * 2. This
connection between electronic and rotational motion for linear
molecules may be compared to the relation between vibrational
and rotational motion for linear polyatomic molecules, such as
COg and CoHo s In this case the coordinate @ » nominally
a rotational coordinate,becomes associated with the vibrational
motione.

On the other hand, the interaction of vibration and
rotation in degenerate vibration in non linear polyatomic
molecules, discussed by Teller and Tiszal8/ is not the same
phenomenon. Here the vibrational motions may involve angular
momentum as before, but they are entirely specified by coordi-
nates which can be defined relative to the equilibrium positions
of the nuclei, and so do not encroach upon the realm of the
rotational coordinates. In this case the effect of the inter-
action is to change the energy levels but not the rotational
selection rules.

In the matter of predicting vibrational selection rules
for the Raman effect from the double Jump point of view more dif-
ficulty is experienced. In bang spectra all values of 4 V occur;
for a given electronic jump the Franck-Condon principle may be
used to distinguish between the probable and improbable vibrational

N 9}
transitions. Van Vleck(“J points out the difficulty that this
produces: 1n certain cases very large changes in V are favored
L . - 3 R : - .
as well as small ones; if V is large in the first Jump and small
- " . A
in the second, ( or vice versa) the net vibrational change 1: ob-
se i T o 3 e )
served in the Raman effect will be large; however large changes

are not observed.
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The answer which Van Vleck gives is that the large values
of A V require a large change in phase inlthe vibrational
motion sometimes as much as T « Therefore for any given
4 V, the contributions to the intensity from intermediate
states with different vibrational quantum numbers will be out
of phase. For small 4V the phasé disagreement will be slight,
so that the contributions of the various upper states will com~
bine more &fectively.

A qualitative explanation of the absence of large changes
in V. can also be based upon probability rather fhan phase dif-
ference.

Let us denote various vibrational levels of the electro-
nic ground state by Vpsand of the intermediate excited state by
V; 3 consider only molecules initially in the state V1 « The
Franck-Condon principle now determines two most probable inter-
mediate states, VI and V! ; From V! the molecule is mdst likely

z 1
to return to either Vi or Vé; from Vé it is most likely to
return to either Vy or VS’ vhere V, and V3 are determined by the
same principle. Assuming, as a simplifying approximation, equal
probabilities for the two choices in each case, one finds that
one half the Raman transitions end at Vl and one quarter at each
of V2 and Vze This in itself woulg not v very significan-.
But one must remember that all excited electronic states must be
considered, and that in general for eac’t one the corresponding
values of VB and V3 will be different. So we have half of all

the Raman transitions ending at Vl’ with the other half splitting

their vote among all other vibrational states. In this analysis
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Vn must’ of course be thought of as including a number of

states on each side of Vy itself. IHence the transition Vi

-» V; really means only that 4 V is small, not that 4 V=0,
No attempt has been made to make this treatment rigorous.
Neither it nor that of Van Vlieck, outlined above, is intended
as more than a helpful qualitative interpretation of the absen-
ce from the Raman effect of large changes in vibration.

To give definite information it is necessary to turn from
the rather unfruitful double Jumn picture itself to the corres
ponding mathematical expression of the process, - the dispersion
formla. Van Vleck simplifies this formula, by methods to which
we shall return presently, sufficiently to explain the absence
of large vibrational transitions. The theory is again, howevei,
unable to make further progress in the polyatomic case; for
example, such questions as which normal modes of vibration are
permitted in the Raman effect cannot be angswered. This failure

of the theory at first led to much confusion in the correlation

of Raman effect data with that of the infra-red.

The difficulties and sharp limitations that have Just been
described become readily understandable when the foundations
upon which the theory is laid are examined.

One of the striking characteristics of many molecular pro-

blems is the extent to which the vibration and rotation of the
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nuclei can be discussed independently of the electronic
functions. For example in the theory of infra-red spectra
very little neéd be said about electrons. Vith the early
treatment of Raman effect by the dispersion formula and the
resulting " double jump " picture of the process this was
definitely not the case. Because the intermediate state was
an excited electronic state, it was continually necessary to
discuss electronic functions, states, and selection rules.

No possibility of avoiding this was apparent, in spite of the
very suggestive fact that in the Ramen effect as actually ob-
served no net change of electronic state takes place--with
one lone exception.(v)

In order to understand this failure of the theory to
take advantage-- as is done in the infra-red--of the particu-
lar characteristics of the problem, it is helpful to notice
the following point with regard to the Kramers-Heisenberg treat-
ment. These authors use the word " atom " rather than the word
" molecule ". This is quite natural, and is no limitation, of
course, unon the applicability of their results,since the type
of functions ang energy levels that appear in the final formulae
have only to be generalized to include nuclear as well as elec-
tronic motion. But it is significant that the mathematical ma-
chinery used in the derivation is designed primarily for the cage

of electronic motions alone. As a result, the final expression,

generalized to include nuclear motions, is in s form which ecannot
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readily take account of particular properties which are
characteristic of the molecular system.

This difficulty may be remedied in either of two ways.
One of these-=-actually the second to be developed-- is to
agree at the start that only molecules and not atoms are
to be discussed; a distinct theoretical procedure can then
be developed in which the properties peculiar to molecules
are made use of to simplify the problem before it is trang--
lated into mathematical form. This method entirely avoids
the complex superstructure of excited states which destroyed
the usefulness of the more general dispersion formula. It
gives a simple and direct physical picture of the Raman ef=-
fect without use of the double jump idea. Placzek has put
the theory of the Raman effect on a new basis by his thorough
development of this point of view.

The other method accepts as a starting point the disper-
sion formula in its usual form-- which was originally derived
specially for application to atoms and then generalized to in-
clude molecules. The properties peculiar to the molecular case
are then employed, and by their means the formula is once
more specialized so that it is no longer applicable to atoms,
but is well suited to the study of molecules. Both these
methods rest upon the same basis--namely, the recognition and
application of the particular characteristios of the problem-
at hand. In one case the simplification is applied before the
problem is put in mathematical form; in the other, it is intro-

duced afterwards.
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The second method, the specialization of the general
dispersion formula, has been carried through by Wennsback (10)
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 parts, and upon the large diffe-.
rence in magnitude of the energies associated with these three
types of motion. It proves possible to carry out the summation
over the intermediate states so far as the nuclear guantum num-
bers are concerned. The remaining summation involves the elec-
tronic states; but it is the same for 211 rotation lines of a
band, and need not be evalusated explicitly. The vwhole effect
of the electronic functions is contained in this gummation,
which can, so to speak, be represented by a letter and dismis-
sed from one's mind. Thus =11 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 Manneback,
giving intensity distribution and polarization of the rotational
bands for diatomic molecules.

Manneback mentions, almost in passing, that the compli-
cated surmation 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 tangled web
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of the dispversion formula and its double jump to the simple

physical concept of polarizability. ¥Wanneback's chief interest
is in the resulting simplification of the formulae, and he does
not point out the physical picture of the Raman effect which is
suggested. 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 gquantity as the polarizability
of a " rigid " molecule is largely a matter of coincidence. This,
of course, is decidedly not the case. 7

Cn the contrary it Suggests that such a quantity should have
been employed from the start; and that it might have replaced the
complications of the dispersion formula all the way through, in-
stead of appearing only at the ende. Placiek‘s analysis, referred
to above, accomplishes just thiéf?é% one would expect,leads to
Just the expressions derived by Manneback by the longer winded
method.

Kramers and Heisenberg expressed the electric moment as an
expansion containing all the freauencies of the system; including
those of the electronic motion. Onece this mathematical step ié
taken, it is difficult to separate the electroniec part from the
rest. Placzek, on the other hand, writes the electric moment as a
Tunction of nuclear coordinates only, neglecting the high frequency

variation due to the electronic motions. Thus only the nuclear

functions are involved when the problem is translated into the
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mathematical lahguage of quantum mechanics.

His procedure may be justified in two ways. That which
ghe employs is an appeal over the head of the dispersion forumu-
1a to the physical principles at the basis of the scattering
process. The second is an ap@eal directly to.the dispersion for-
mula, which, when simplified by such a process as lanneback uges,
gives the same results.But Manneback's derivation was limited
to the special case of diatomic molecules. It does not appear.
to have been appreciated that the same methods can equally well
be applied to the general polyatomic case. TFor example Placzek
says,(“’n) " This method is fairly troublesome and can be
succesfully applied in the case of diatomic molecules only, as
the_knowledge of the properties of the excited electronic states
necessary for carrying out the process is not available for
polyvalent molecules. " In ordér to make clear just what as-
sumptions the process requires, we shall now carry through for
the general case the derivation by means of the dispersion for-

mula of the expressions at which Placzek arrives by " physical "

reasoning.
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Reduction of the Dispersion Formula.
In this section we shall follow closely the method used
by Van Vleck(g) and more extensively by Kannaback(lo) for trans-
forming the dispersion formula into a form adapted to the dis-
cuésion of diatomic molecules. It will be showﬁ, however, that
this analysis can be applied in the general as well as in the
diatomic case. In this way it will be possible to Justify from
the quantum mechanical point of view the intensity expressions
which Placzek has derived by the correspondence principle from
wvhat we may call the " polarizability picture " of the Raman ef-
fect process.
When light of frequency Y, falls upon a gas, the ener-
By seattered per second bper molecule, with change of frequency cor-
responding to a transfition of the molecule from the state p to

the state q, is given by
e 2 b
Urg) =2 ()| Do)+ 0]

M(pq) is the matrix element of the electric moment induced in the

—

molecule by the fisld £ of the incident light.

It will ve sufficient for our present purpose to discuss on-
ly the X component of the moment induced by light plane polar{zed
in the 2 direction, since the result we shall prove can be exten-
ded at once to the other comvonents. If the positive and negative

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

o { Z%V("“%“(“)-rw ()
T+ -

PeTsq, Trepresent all the antum numbers of theTsystem in the
jnitial, " intermediate " , and final states, resnectively. The
quantum numbers r run over all states of the system, including

the continuous region of excited levels. M%(pr) is the p-»>r matrix
element of the X component of the electric moment for the system

when not perturbed by any external field. It is therefore given

o(‘)h) :—_/‘/)Lsp* PX /t‘l CQ’]’ (1)

where fk is the complete wave »n~ function of the unperturbed

by

system, including nuclear as well as electronic motion; and PX

is the X component of the electric moment of the molecule. Specific

expressions for r

x will be introduced later.

It is already assumed in (1) that V, does not coincide
with a characteristic frequency of the molecule. We shall further
limit the generality of (1), bdut only in respects which do not
prevent its application to the Raman effect as ordinarily observed.
That is, we assume excitation with visible or near ultra-viclet
light, and consider only those Raman transitions which do not in-
volve changes in the electronic energy of the molecules.

The reduction of formula (1) depends fundamentally upon the

separability of the wave functions /+‘ into electronic, vibrational

and rotational partse It involves also, as was pointed out i n the
~
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last section, the notion of the electronic polarizability of
the molecule when the nuclei are held fixed. In developing the
first of these two points we depend upon the treament of Born
and Oppenheimer(lg). In ordeér to make more definite the degree
of approximation that is employed we shall sketch as briefly as
possible the essentials of their method as well as the result.
Let Xis Yis 3§ be the cartesian coordinates of the elec-
trons ( denoted collectively by x) with respectvto axes X,Y,Z
fiXed in space. Relative to the same axes the coordinates of the
¥ nuclel are X4%,73 (denoted also as X). These can however be
expressed in terms of 3N=6 variables‘ ;ECZ)xW1ich depend only
upon the relative separation of the nuclei, and six variables
81 CXj « Three of the latter locate the center of gravity of
the system in space; the dependence of the solution on them is
trivial, and need not bé considered. The remaining three give
the orientation of 'the molecule in space, and may be taken as
the HZulerian angles 9,?]”% s we shall speak of these as 3 .

The Hamiltonian is now written in two parts, where
H=H, +x*H,

Ho represents the total potential energy together with the elec-
tronic kinetic energy. % H1 : 8lves the kinetic energy of the
nucleis, W is the small guantity (m/M#', where m is the m-ass

of an electron, and ¥ an average of the nuclear masses.



The variables ? can also be written §=+3f5, where
H S denotes small deviations of the nuclei from the positions
f sy which may, in particular, give their positions of
equilibrium.
The wave equation for the system is

(Hb+}<"H1—W>/‘{~=0 (3)

Fach of the quantities Ho, Hp, W, Ar is now expanded in a

power series in terms of the small quantity X .
Ot 0 (l} 2 (=)
/+\ —A*\ +H'+‘+’K ”}" A s ,etc, (LI’)

Setting equal to zero the coefficients of sugcessive powers
of " , one obtains Naherungsgleichungen, which may be solved
successively.

The zero order equation (}(==o) is

vt =0 5

b

This is just the wave equation for the electronic motion when
the nuclei are held fixed at the positions 7 .

Since H contains the potential energy, which depends upon ;: a
as well as upon x, the solution will depend parametrically upon

o('
) : P ; :

?) 8_ Let ? X,;}?) be a solution of (5) ; it remains a
soluttion if multiplied by an arbitrary function of f
g alone, since f end § appear in (5) only as parame

m .
Therefore we write the zero order solution as

+° =x059) O (3 79) (4)
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It proves necessary to introduce,XM_(Q ) in order that
the hicher order equations may be solved. Being a function of
5 and 3 alone, it is to be considered a constant in this

anproximation, which reoresents fixed nuclei. This function

equal to unity.

The avproximation we shall use includes only the first

i i B ”bo is t com-
term in the expansion (4) for -+ But is not c
nletely determined by (5) sinee in the zero order approximetion

(5 9) 14 still arbitrary. Dorn and Oppenheimer show that

i : - (9
in the solution of the second order Naherungsglelchung Z; 511

is partielly determined, so that
(]
7(M(5,9) = SDMA.(%) OIM(S)

Here Of (S) is the eigenfunction of the nuclear vibrational
_ MmA

motion, while gnt(&) ig again an arbitrary function. In the

solution of the fourth order equation, SRVL is determined as

?° (a) and ies the eigenfunction of the rotational motione.
wé

]

Thus it is necessary to go to the fourth order equation to deter-

mine ”ko completely. We obtain
A s = 959 uld) sl 8

At the same time the energy is determined as far as the

fourth order term in its expansion.

()
o (-7-) 4

(3 v“\#h :=:\V~\‘+}g. Mma N VL“Aﬁ
()

and \M are both zero. Here the successive ferms represent

»

IS T

(7)

(%)



the electronic, the vibrational, and the rotational parts
of the energy. Interaction terms enter only when we go to
higher approximations, and we shall not consider them. This
degree of approximation corresponds to that employed by

lanneback for diatomic moleculese.

We may now proceed to the discussion of the pola-
rizability of the" rigid " molecule. Let us substitute the
zero order functions (6) in the integrals of (1), 2and use
the corresponding zero order energy values Wﬁ to calculate
vPh and )%h in the denoménators. We denote the guantum
numbers of the initial state p by n'y, s'y, r'; of the inter-
mediate state r by n,s,r; and of the final state g by n" s"r".
Since the nuclei are held fixed, we mgy choose their positions
in such a way that the axes X,y,2z coincide with the fixed
axes X,Y,Z. We may then denote the various components equally
well by small as by large subscripts. In this case the depen-

dence upon the angles 8 becomes trivial and will be omitted.

We then obtain from (1)

/WX'(’\AI,M”) = %Z {WX (’\A"\/\J ﬁMz(M M'ﬂ b Wy (MMH) Wy (MlM) (C]

VM,Mu +\}o \)MMI = \)o

fw\;(M’)M) = ‘?j(x,?) Py CP:\ (/X«) {) Ly (1

where

and

Fx — Zex‘t
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The part of the electric moment _o due to the nuclei is
omitted, since for fixed nuclei it is constant. It could there-
fore contribute to the value of the integral only if n'= n=n" ;
but in this case the two terms in the bracket of (2) are equal

and oppositee.

Wz now set n"=n'= n, where n, represents the normal
electronic state. Then () gives the X component of the elec-
tric moment which is induced by the incident light in the mole-

cule when the latter is in the normal electronic state, and when

the nuclei are held fixede We may therefore write
/VV\X (’V‘D)Mo) . EZ dzx(\)o, ?) (H)

where q}xb%,gv represents the "zx " component of the polari-

zability & of the rigid molecule for the frequency V, . It is
seen to be independent of the electronic coordinates. It does,
however, depend parametrically upon the particular vpositions at
which the nuclei are held fixed. This results from the parametric
dependence of ?: upon gﬂ » vhich is carried over into (11).
Our object is now to show that vhen the nuclei are no longer
held fixed, but are allowed to vibrate and rotate, the electric
moment (1) can be expressed, to a certain degree of approximation,
in a form which depends upon the electronic functions only through
the appearance of the electronic polarizability «.

It is seen from (8) that the electronic energies are of a
higher order of magnitude than the vibrational; therefore we may
consider that all 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 electromic energy takes

place, the final state will also belong to the ground elec-

tronic level. Therefore

! " | ' (11)

In case the ground level is degenerate, it will be
necessary to sum over all the degenerate states, both initial
and fiﬁai ( in addition to the sum over allAexcited electro-
nic states already included in (l)l This will also be true in
equation (9). The reasoning employed will not be affected by
this summation, and for simplicity it will not Dbe written ex-
plicitly.

In the denom&nator in ( 1) is the expression VhP+)%

In view of (12) and the expression for W in (11), this becomes

\)'\'\“\° +\)¢A' +th’ +Va
If now we consider only visible or ultra-violet incident light,
both V1 $nd ﬂﬂg are negligible beside Vo s S0 that
the two denoménators become V«mn‘ Y, and PMMO-QD.
This elimination of the energy of vibration and rotation from
the denomgnators is essential in order that we may presently
carry out of the summations over s and T.

In the summation over n, the only terms of signifi-
cance will be those for which the denomgnator is small. This

will never be true for the first term in the bracket, since

the molecules are initially in the ground electronic state,



so that v cannot be negative. It will be true for the
¥ Mo
second term only if Qn% is large. Therefore we need con -

(o]
gider in the summation only terms which represent an electro-
nically excited intermediate level. That is, n 5& n.

From the mechanical model point of view, n;é
because the nuclei will not be materially affected by a 91eid
which alternates as rapidly as that of the incident light, so
that the polarizability may be considered as due wholly to the

electrons. In other words, terms in the polarizability which
represent no electronic transition may be neglected.

We now 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, and the condition n' = n" = ng 7£n,

this becomes

ylp) = [958 £ ) 570 B30 92669 .05,

The dependence of Y upon the electronic and vibrational
¥

quantum numbers n and s is in neral very slight and has been

0’»)

droppede It will be seen that its conclubion does not affect
the reasoning, but would only complicats the presentation.

It must be kept in mind that the electric moment of
which Px is one component arises from the properties of the
molecule alone, and has nothing to do with polarizability or
perturbing fields. We must have P expressed in the same co-
ordinates that appear in J+\ « In order to take full ad-

vantage of the separated form (7) of the wave functions, it will
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e necessary also to have PX in a form in which the depen-
dence upon the various coordinates is similarly separated.

Let p e be the components of the electric
Fx A-y ’ pZ
moment along axes of coordinates x,y,z fixed relative to the

nuclei, and related to the axes X,Y,2 fized in space by the
Tulerian angles Q)Q%jﬂ. Then

PZF = Py coa(#X) + ﬁam(«a2> +f2m[zX)

where cos(xX), etc., are functions of 9, ? and "y~ alonej
Py 9 etc., are independent of these angles, but depend upon

both x! yi ’ zi sthe coordinates of the electrons, and ?Z ’

i’
the coordinates of the ndclei.(The primes indicate electronic
coordinates measured in the moving system x, y, 2. The coor-
dinates first introduced above were measured relative to

X,¥, Z.) This dependence will be of the form

3N- - ]
r” = Zjé g gL + zz E’Xb (IS>

L =i J=i
where the summations extend over N nucleil and n electrons. If

the normal coordimates of the vibrational motion are taken for
the coordinates gl , then each Cyi gives the x component
of the electric moment due to unit displacement of the i'th
normal coordinate.

When the integration in (13) over the electronic coor-
dinates is carried out, since n 7& 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 valuec of

the integral. Therefore, only the dependence of p on the
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electronic coordinates needs to be considered.s We shall con-
tinue to write Py remembering that the first summation has
been dropped out.

It might be claimed on similar grounds that upon in-
tegration over the vibrational (or nuclear ) coordinates the con-
tribution of the second summation in (11) would also vanish, ex-
cept for the case of no change of vibrational state during scat-
tering. Thus vibrational Raman lines would be entirely forbiddeén .
This would be true were it not for the parametric dependence of
the electronic functions ?:(x«(éz)' g) upon § y which must
be included for just this reason. It is therefore evident at this
point that vibrational selection rules will be determined fun-
damentally by the dependence of the electronic functions uﬁon
the normal coordinates of the vibration.

Rquation (13) may now be written, using (14), as the

sum of three terms, of which the second is
X

50;: 5".. mg(?)m cwal4X) o7, p2 4§ 47 (1)
%?o(f)%% —:j f::(x'-) <) ﬂd’{)‘y ‘f): (xl;f) dx’ (17)

It is to be noted that when the primed electronic coordinates

are used, QLV no longer depends upon the orientation of the

molecule in space.



7n57(§%QMiS the n,->» n matrix element of the y component of
the electric moment of the molecule when the nuclei are held
fixed at the positions g . When the three terms of which
M (pr) is composed are substituted in the products in (1),
these each give nine terms. We shall write out only a typical

one of these, employing the usual matrix notation.

(enly 'Z)) (Jfg”) | ( CO“(‘&X)) ()
(fmox /?)m(m> {“‘E,l,o ) (/m% [ §)fno;a) {4/’1)/‘1270)

We may break up the summation in (1) intc nine sums, each in-

(18)

volving one expression of the type (18). The denoménators in
(1) nave been shown independent of s and r. The sum over r is
straightforward, from the usual law of matrix multiplication,
and gives (éos(xZ) cos(yZ? ( r'yr"). The sum over s is car-
ried out only a little less easily.

The dependence of the vibrational integral upon the elec-
tronic states is indicated in (18) by the use of subscripts on
the vibrational quantum numbers. Because of this dependence these
integrals are so=-called " hybrid " matrix elements. The usual
matrix elelments of a function §(§) may be defined as the co-
efficients in the expansion of 5{%) %h(?) in terms of all the

members of the complete set of orthogonal normalized functions



o f( g) (P/.L(g) is expanded in terms a different det of

functions /%»(g) s the coefficients are hybrid matrix
) b
elements. In our case the two sets of functions are the vi-

brational functions Uia(?) for two different walues of n.
"
The multiplication law for such hybrid matrices is well knovm.

It is derived, for example, by Van Vlieck in connection with

(5]

B3
(J

just this problem.(9) He showed in general that

B 10 ) (4 Some) = (F3) 0 )%) (1)

We apply this to the summation of (18) over s, and obtain
S0 Y CY [ EN
(eon (17) ol s Gl U3 N (20 ) ()

Since in our case n,'::ng s We obtain not a hybrid but an or=-
dinary matrix element. Only the vibrational function for the nor-
mal electronic level are involved, and we shall drop the sub-
scripts from s' and s". The summation over n cannot be carried
out in a similar way because of the denomanators.

1

One of the nine sums over n to which (1) has been reduced

may now be written out in full.
Eﬁ X79 CM%? ) })ﬁ)
T Z ( o )(l(?-%.,\ (g),,m‘, ___[__s_)_?ﬁ_"—/)r—ﬁg————ﬁ—} (/‘L )/'L) [2/)

2/?'\ l),m,o i’V ’"?\o

The summation here becomes identical with that in equation (9)

X - \ - 5 5

when in (9) n' is set equal to n" and X,2 are replaced DYy X,¥
m . — A

Therefore by (11) we can write (21), combining the rotation and
vibration integrals, as

E’Z‘ dx% (1)0, ?) m(x’l)w(ﬂ))(x‘»‘; 44,1'}7'
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The quantity Ay &§>cos(xzjcos(yx)i5 just that part of the
polarizability component cx zy which arises from ngr when

we transform the polarizability from the axes x,y,2 to the
fixed axes X,Y,Z. When the nine sums into which (1) was bro-
ken up are ressembled, it isl found that they give just the
nine terms of & gx ¢+ We therefore obtain finally, writing

(1) in full, for the X component of the electric moment of

the molecule produced by the Z component of the incident light,
and associated with the Raman transition from the state n,
s' r' to the state Ny, 8", r", the following,

T (.‘s' r') g " )" = Eq. (O(ZX (\)o)ﬁa)) (s'rrgipn) o
This is a matrix element involving only the vibrational and
rotational functions for the ground electronic state. The
intermediate states no longer appear explicitly, their -effect
being entirely contained in . ¢ Which, however, is a fune-
tion only of the exciting frequency and of the nuclear coordi-
nates. The simplicity and directness of this expression are in
very sharp contrast to the ungieldy bdbut more rigorous and gene-
ral character of equation (1).

Bouation (23) is just the expression which Placzek has
derived from physical principles; his results have therefore
been shown to be in accordance with the disversion formula in

the general as well as in the diatomic case.



Calculation of Raman Intensities

for the Symmetrical REotator.

We shall now turn to the actual evalu@ation of the inten-
sities of the various rotation lines for molecules of the sym-
metrical top class. The work described in this section was prin-
cipally carried out by Prof. W.V. Houston, the writer's share
teing a smail one. The summary of the process is, however, in-
cluded here for completeness and for future reference. Since
the work was done a baper ' has appeared by Placzek and Teller (11)
in vhich the subject is treated very thoroughly. Their inten-
sities agree with ours, but the methods of computation and pre-
sentation are different. It is hoped that the following account,
being less complete than theirs, may also be helpful in clarifying
the fundamental ideas. We consider a2 light wave of freqﬁency )QA
incident along the positive X axié and polarized in the % direc-

tion. The electric moment of the molecule may be written

BEINT G 4R xy 27V, T
® (Fo . 33 gy * K “zz)gze
where d\zi s etce are the componénts of the tensor of pelari-
zability referred to the fixed coordinate axes.
The matrix elements of the electric moment, formed with the
vave functions of the system including their time dependence,

give both the intensity and the frequency of the scattered light.



That is, the intensity of the 2 component of light acat-
tered in conjunction with a transition of the molecule from
the state p to the state g, is proportional to the square
of

e

_27) 'Y, 2
hn + S %ms) 2o +r€rlfpfr¢,;%r

Y /7] V‘H/‘f(blr +'P

=t & j"f g h AT

where ‘)m - E__‘E:‘:Efl - ?047 = zrnl ?f ?‘6)

This gives for the scattered light the freqﬁency Y= ){_}—I—)‘,i,
where \)pq may be either positive or negative, depending
upon whether the molecule has more or less energy in the
initial state than in the final state. These two cases lead
to the anti-Stokes and Stokes lines, respectively. The pre-
sence of (qu in the exponential shows that the scattered
light is incoherent if p £ q. In the case Y, F#o this
is obvious from the start, since two vibrations of different
frequency cannot be re'lated in phase. But if there is degene-
nacy, -so that even when p #.q we may have qu#a it is
necessary to resort to a tredment like (2) to distinguish
between the coherent (p=q) and incoherent | p#q ) parts of
the unshifted line.

According to Placzek's theory, and also, as we saw in

section 2, according to the dispersion formula, the eigen-
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.
A

functions in(2) include only the nuclear motion of the mole-
cule, and are functions of the normal coordinates ?i of the
vibration and of the angles 3}9{”# o If we omit the expo-

nential, (2) therefore becomes

My) = € o, (S B0 % o G)g (921)r
i )

In order to evaluate this integral we must investigate the de~
pendence of Oy upon the coordinates ?) 9’<P)+ "

Let °(ik be the components of the tensor of polarizability
referred to the principal axes of inertia of the molecule. In
many cases these will be the principal axes of the polarizability.
These principal axes of inertia will be independent of the
vibrations of the molecule to the extent to which the rotation
and vibration may be considered separately, which is the appro-
ximation which we shall use. Since the binding of the electrons
depends intimately upon the distance between the nuclei, the
components of th= temsor Xji will be functions of the normal
coordinatess This dependence may be expressed by means of a

Taylor expansion, giving the expression used by Placzek.

Ve,
e e +—"" (L, |
o S dth T Z 9& & ?0;» ng‘%/» oa?”‘ )



The transformation from the principal axes of inertia,

% ~ = r ' x0T o~ A
XsV9sZy to the fixed axes X,Y,Z may be expressed

mation are given in the following table.

= v Z

X cos cos? CO“/"}"J_L"? Sin'\}%?ine
- —sj\n«f\sin?cosa +sindgcos §cos? )

Y |-sinscos® —sin4gin cogsin §

—cos4ksin @ cosf +cosPcos?P cos?

Z sinesinq’ -sinSczos(f 0039

In case the principal axes of the

ability o coincide with the rincipal axes of inertia, the

same angles may be used to transform the polarizability to the
fixed axes. woreover, for this case the coordinates Xa¥9Zy Will
coincide with the principal axes of thepslarizability, so that

only the diagonal components ¥yy ., o, will be different from

\/U I.I;_J
zero. Relative to the fixed axes, the components of the polariz-
ability will then be

o s (CO“"(‘ in® eos ¢ sinf —zin 4 cooa in9 ::a‘*? {' (Qqﬂ)-}--"}
; cospsin § cos ‘f"_Lxl? + sin4 cos 9“‘11900““ 1 9 i
{ '63 +Z(——3:é'-o{ S }

+ sin4 cos § sin 9{4’ +};( ) } e 35);

Z-’( 2fsin § cosPsinf + cos4h sin cosf sin® 29 ) G’,,'l‘-"‘}
+(sintsin § cosPsin® — cos A{‘* sin§ cos fl cos® P {o( +.---j (é)
Ci'f«}- sinf cosd {0( -I—----}
zz 9'?in ?{O( fonsis 5in2f cos> ﬁo{o( : +—-_}
i 9{0(2?:*""}
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These expressions in (3) give the three components of the

electric moment.

.

The vibrational part of the wave functions in sufficient
approximation is a product of the usual solutions of the har-
monic oscigllator, each involving a quantun number Vl , and
each depending upon one of the normal coordinates of the vi-
.brational motion &: ,which have already been introduced
in the expansion for X « The rotaticnal functions depend
upon the Fulerian angles ﬂf?{f“ s, also introduced above. The
integrations over the vibrational and rotational coordinates in
(4) may be performed spparately. Upon integration over the vi-
brational coordinates, due to the well known properties of the
eigenfunctioné of the harmonic oscisdlator, the terms in &
which are independent of the normal coordinates ( see equations
(6) ) conttibute to the value of the matrix element (4) only
when V' = V. Therefore the terms in CK;i will lead to Raman
lines for which only th? totaticnal energy changese. On the other
hand, the terms in (ggéf%o, involving as they do the first
power of ;i s Will contribute only to the matrix elements
for which V'=Vx1, and vhich therefore are connected with a
" fundamental " vibrational transition.

In both of these cases the dependence upon the rot-
ational coordinates is identical. We can therefore treat the
pure rotation band gnd the rotation vibration bands at the

same time. Properties of the pure rotation band that are deduced
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from certain relations between 0(,(,(/ O('(/ ®,; Wwill also hold

for a vibration band, provided that gor the particular vi-
hration being considered the same relations hold between the
quantities C%%%)o s etc. However, it must be remembered that
this will not necessarily be the case. Placzek hags diseussed
this point. We shall return to it later in connection with the
spectrum of methane.

Onl& the integration over the rotational coordinates
remains to be treated in (4).We shall not treat the general
case further, but turn at once to the special case of the sym-
metrical top, referring to the recent paper of Placzek and
Teller,(ll) where polarization, selection, and sum rules are
discussed without further specialization of the model. In the
symmetrical top type of molecule A==B=#C. Provided that this
equality of two of the moments of inertia is due to symmetrical
arrangement of the nuclei about the figure axis, rather than to
& chance coincidence of the two quantities, we may safely assume
that the plarizability shows the same symmetry, so that °(n=°(*«~&#o(zz'
Since we are considering only the pure rotation spectrum, we
need retain in the {n}-'s of (6) only the terms in qif » Which

are independent of the vibrational coordinates. ThenAbecomes



X yy =sint cos sin9(0(;z -O(Dxx )

dZY =cos+ cos § Sing(o";z "O(DXX )

Azz=5in’ § <+ cos® o g (7)
Bt ATk =
=X = 8in 0 ( . Tl

These expressions in (4) give the integrals which it will be
necessary to evaluate. Since 0(;1 do nct depend upon the coor-
dinates,they may be taken out of the integrals, leaving only
the circular functionse.

The solution of the symmetrical top has been given by
Reiche and Rademacher. (13) |

The dependence of the resulting eigenfunctions upon the

angles (P and *’" is given by
LK M
pooH) =00 e e (5)

The function @(9) depends upon both the quantum numbers K and
M. If these are replaced by
s=[K+1] a=|x-x| (9)
and the variable ¢ is changed to
t=2% (1 -cos ) (10)
the function O may be written ;

p—t%5(-t)"* Pl

P (t) is a hypergeometric function which involved the quantum
numbers s and d as well as an integer p. The energy W is then
determined in terms of the moments of inertia a and C and the

quantum numbers K and J, vhere J=p++ (d+s),

(12)
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If we let B — h*®

8;?r32 ) | /8 J

the energy, measured in wave numbers, becomes

W=3J (J+1) +3BEK? (13)
it is independent of ¥ and of the sign of K.
All three of the quentum numbers J,K, and ¥ have physical
meaning, being connected with the angular momentum of the
System. J measures the total angular momentum, K its compo=
nent ‘along the figure axis of the molecule, and I its compo-
nent along the specified direction in space. As is necessary

for such an interpretation %o hold, \K1 élJ, \Kl é=J.

From (8) and from the fact that P does not appear in (7)
it is clear that the integrals will vanish unless K;=K. (This
shows at once that the frequencies of the bure rotation lines
for the symmetrical top will not depend upon C, since C- appears
in the energy (10) only in the coefficient of K.) By the same
reasoning ¥N'=l for the 2 component of the sciattered light.

The other two components are most eagsily handled by conbining
them to give % :
o g = -] 09

The selection rules for these two expressions (which give the
intensity of right-and left-handed circularly polarized light)

are M'=M=%], respectively.
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With the functions in their present form the selection
rules for J are not immediately obvious. Howvever matrix ele-
ments of Cdsa and. sine alone, which determine infra-red in-
tensities, are known to vaniéh unless J'=J, J * 1. ¥ultiplying,
by the usual matrix rule, it is found that the only matrix ele-
ments of sin § cos@ that are different from zero are those for
which A J=0, %1, = 2.

The integrations over (P and 'f« are performed immediately.
that over § ( from 8 =0 to § =T ) has been replaced according
to (9) by an integration over t from t=0 to -t = 1. It is found

from ( 10) that

ain® 9 = 5 & (1 - t)*}f

4]

(l-zt) t":i‘;- {1 = t)‘l‘ (15)
[ (308 /2 (4 gt

In order that we may associate each element with the proper fre-

sinf} 0059 =

—
—

[4%)]

quancy, our matrix elements are specified in terms of the same
quantum numbers, J,K,M, by which the energy (12) is given. But
before we can use wave functions in the form (11), J,K,M and

Ady, AKX, AN, must be correlated with values of s,d,p, and

A sy, Ad, Ap. This is rendered somewhat complicated, in view of
(2), by the necessity of considering whether K or I is the larger.
For the case M'= M +1,¥3»}{ix{, J'= J+2, K'=K, one
finds,from (9) and (12), s' = stl, d'=d+1, p'=p+l, $o thaté

typical integral, say that for tz’/(')’ (1 -1¢ )"‘E‘ from ( 15 ) s



d+2 \|S+l”_‘ » \ .,?
¥ (1-2)"""Fsh1, as1, p+l(t) 80,0
The function F, in the usual notation for the hypergeo-

metric function, is given by

Ps,d,p (¢) = P (-p, 1+s+d+p, 14+d; t) (17)
In the form used above the function is not yet normalized.

For convenience we substitute

. Ja+ 5
Zﬁ(s d p; t/:( Dp) F (-p, l+s+d+p, 1+d; t) (18)

&

Yow the normalization integral 15(13)

1

td  1-t)° ¢'?( sdp; t)at = [(d3p)t (s+p)!  (19)
(L+s+d+2p) p? (s+dep)/]

0

80 thztAE?F normalized(function 5%, ifftead of ( 11),
, 1ts+d+2p)p! s+d+p) 4 o s $/0
Be)=1a +p)7 (s+p) & ) °© /2 ( 1-t) 72¢( 5 q pst)

Therefor® (lj), written with normalized functions hecomes

(5ts+d+2p) ( pel) Hswsrdipl( 1+s+d+2p) oI ( srarp) £ ¢
(2+d+p)?  ( 2+4s4p jT | dtp)T ( s+p)? f

i :
a+2 , 8+l .
. t ( 1-t ) %( stl, d+l, p+l; ¢t )§( s,d,p;t-) dt

0

(20)

(21)
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(13)

By repeated applications of the two recursion relations

IRTETE pd__ 3§ (q,04, P13ty Litedsp § (d,0+1,p58)
1+8+d+2p

S p: t)= <=— __DPts ( d+l,s,0-1; t) l+s+d+n (d+l,s,p3t)

each function l¢-in’(21) can be expressed in terms of functions

w

with various indices p, but all having the same s and d indice

@

that appear as the exponehts of t and ( 1-t). When these expre
sions for the two functions are multiplied together, only those
products having common indices P need be retained, since the
others vanish upon integration, due to the orthogonality.

The surviving integrals are given by (19)« It remains
only to collect the resulting terms into as compact a form as

08sible, and finally to replace s,d, and p in terms of J,K,and
P ’ L ’

=

M. In the particular case chosen above in (16), only one term

survivess qhe result is then

A L
{ (Tak41) ( J+k+2) ( J-k+1) (J-k+2)(J-M+1) (T+341) (Tri+2) (T+1043) J2

L
( 23+2 ) ( 2743 ) ( 27+4) | (2741} 27+5) }’ (22

The same process for the first term of the expression (15) for
sin { cos § gives the same result with the opposite sign, so that
subtraction of the two rarts offers no difficulty. The intensity

is proportional to the square of this matrix element.
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Lolecules with different quantum nukbers M will all
contribute to the same secattered line. We therefore sum
the sguare of (22) over all values of M from =-J to +J.
This is accomplished, since M occurs only in the numeratér,

by means of the formulae

n
2 _ 1 n (ntl) ( on+1)

LY =

)

N ;

E: 74 — _1_m (ntl) (2n+l) (3n"+3n-1)

30
0

We obtain, after simplification, and including the

numerical factor '
" a [(J+l)2 - k2 ][ se2)2 - Kzl (23)

i

5 (27 +2) (T27+3) ( 27+4)

We would now like to sum also over all initial values of X3
but the populations of thegd states depends on K, since the
energy contains K, so that the process is not simple. It is
possible, however, to replace the summation over X by an inte=-
gration. This involves only a slight error, except for light
molecules for which relatively few rotational states are oc-
cupied — in which case the summation can be carried out ex-

plicitly. The integrals can then be reduced by integrations
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by parts to a form suitable for evaluation. Flaczek and Teller
(11) give expressions for this case, as well as diagrams of the
intensity distribution over the rotation band for various va-
lues of +A/C. We shall be more interested in the case of light
molecules.

The intensity of the components of the light scat-
tered by a single molecule in the state J,K, averaging over all

values of 1, is proportional to the following for the indicated

changes in J,

..)

G i, B8 L -
IX (T,742)= 3 IZ (Tod#2) == g y 2 [J*ﬁ{ - ] RJW” - K
4 15 (F+1) (J+2) (27+1)(27+3

(J,J+1)==E§ Yz 4 x Jz&Jwif - K% |
S (7+1) {T+2)(23+1)

\ o 2 ' 1
) - 2K~ (24)
1) (27 - 1) ( 2J+3)

Here X: dZZ - dm ;/Jl = (1/5;' (O(Zz‘t—g O(m }

s B 4 . ‘ .
¥e have omitted the factor ( vo iy ) contained in the in-
bensity expression on p. 2-1 above, since it is effectively con-

stant ever any one rotation band.

\

9
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till b= multiplied by NJL.’

and the result

Using equation
5

The expressions (24) mu
the number of molecules in the state J,K,

values of K from —J To < B 12

surmed over

(13) for Wy  we ohtain
_sd(14) _BE K

! X (25)

o ( J+1) gﬂg

the quantum weight of the state J,K,. It contains

Ny x
when Lﬁéo, in case the molecule contains identical
- Pt

Yx
the factor 2 wl
nuclei the weight depends also upon the symmetry character of
especially the nuclear spin functions -
dence is di

and esg
This d‘
( 14)
For the NH.
g’

the wave functions -
identical nuclei.

of the
flund and by Demni
hen K is divisible by

for interchang
cussed, for example, by
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Raman IEffect Apparatus

The remainder of the present paper will be devoted
primarily to the experiments that have been performed by
the writer upon the Raman effect in gases. These may be
divided into two partse The first experimemnts were undexr-
taken in an effort to resolve ﬁhe rotational structure of
a series of the simpler hydrocarbons, as well 2s carbon
dioxide; these are described in section 6 below. The second
part of the work involved photometric technigue, by which
the @ntensity distribution in the pure rotation band of
armmonia was quantitatively determined. These results, as
well as the frequencies in armonia, =2re discussed in section
S« The present section will be conecerned with the apparatus
used for obtaining the scattered light, and with the method
employed in the intensity determinations.

The apparatus used does not depart in principle from
the 'usual design, but shows sevefal modifications in congtruc-
tion. A metal c¢ylinder 5" in diameter by 22" long and ;hro-
mium plated on the inside Serves as a reflector. Both the mer=
cury are and the quartz tube containing the gas to be studied
extend the entire length of this cylinder. They are close to-
gether, at equal distances from the axis, soAthat each is ap=

proximately imaged by the reflector in the other. Scattered

light emerges through a lens at one end of the gas tube inte
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‘the spectrograph. At the other end of the tube is a
black body, -- a metal tube somevwhat wider than th§M+qu
quartz and about 10" long. The most completely blackAthat
was found was obtained by placing a plane piece of glass
diagonally écrbss the back of the black body tube, at an
angle of about 12° with the axis. This was painted black
on the back, and carefully cleaned on the front. For use
in the ultraviolet there is of course no real need of the
paint, unless too much visible light is scattered onto the
plate from the inside of the spectrograph.

In the more recent work the black body has been
replaced by a concave mirror placed at the back of the

Raman

gas tube. By this means a certain amount ofnlight gcat-
tered by the gas in the opposite direction from the lens
will be recovered by the mirror and put back into circu-
lation. When the radius of curvature of the mirror equals
the length of the tube, light from the quartz walls can
not be reflected at the mirror in such a way as to reach
the lens at the other end of the tube.

The increase in Raman intensity which should be
gained in this way is limited to about 50% by the low
reflecting power of metals in the ultra violet. Also there
is no question but that the mirror makes a somewhat imper-

fect black background, due mainly to imperfections and

dust on the surface. This may even counteract most of the
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gain in Raman light. Until pictures have been taken ex-
pressly to test this point, one can only say that the
mirror has proved to be a satisfactory substitute for
the usual cumbersome black body.

Light emerging from the other end of the quartz
tube passes through a lens which throws an image of the
black background upon the slit of the spectrograph. The
effective diameter of the lens is controlled by the size
of the quartz tube. The focal length is then so chosen that
the optical system of the spectrograph is just filled. It
is seen that the intengity of the Raman light entering the
spectrograph does not depend on the diameter of the gas
tube, but only on its length. The only advantage in a .lar-
ger diameter is to obtain on the slit a larger image of the
black background; when the dimensions are determined as
outlined, the size of this image varies approximately with
the square of the tube diameter. With the last form of ap-
paratus used, the " black spot " was about .8 cm in diameter,
with a quartz tube of about 1.8 cme The use of a lens in-
stead of a series of diaphragms to cut out illumination
from the walls of the quartz tube has proved very satis-
factory.

Several designs were attempted for the arc before
a successful one was found. There were two principle pro-

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



4.4

vlow torches, and choke coils. These methods, however,
were not resorted to, the method of producing a mercury
T

contact being relied on instead. “he first means of ac-

complishing this was a reservoir 76.0 cm below the lower
electrode of the arc, from which mercury could be forced
by air pressure up through the arc till contact was made

at the upper electrode. This was satisfactory in itself,
eXcept that the water jacket became somewhat complicated.
However it brought up the second problem. If a mercury
pool is used for the upper as well as the lower electrode,
it dries up by evaporation in a few hours, and must be re-
filled, usually by ;he 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,melt
the gléssware at the upper electrode and bring the exposure

to a sudden conclusion.

The old-fashioned method of starting was finally
resorted to, namely that of tipping the arc. To avoid the
upper electrode trouble, both.electrodes were placed at the
same level, and connected by 2 very narrow U. The evacuating
tube was led out of one of the legs, in such a way that it
did not interfere with the water jacket, a single quartz tube ,
slipped on over the upper end of the U. Thus the water cooling

becomes as simple and reliable as possible. The arc can be
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dismantled easily, which is necessary every one or two
hundred hours of usé to restore the ultra-violet trans-
mission of the quartz. This is accomplished by passing

a current of air through the tube, while it is heated in
an oxygen flame. A further advantage of the design is the
doubled effective length of the arc.

When the arc is started by tipping, it proves
convenient (though not, I supposé, essential) to mount the
whole évacuating system upon whatever tips. This was not
difficult since a charcoal trap proved an entirely adequate
substitute for the usual diffusion pumps. A flask and con=
denser were conmected to the vacuum system, so that mercury
could be distilled into the arc under vacuum. No other way
was found fof filling it after cleaning which did not intro-
duce enough oxide to interfere with the starting process.

The first method of holding the gas tube was by
means of sealing wax--inherited, I believe, from Rasetti.
The most that can be said for this method is that it proved
surprisingly effective; the quartz-to-stecl Joint withstood
at times as high a pressure as 4@0 lbs. per square inch.
There is no need of recounting the disadvantages. A great
improvement was introduced by the use of gasket ﬁaterial,
squeezed against the tube by the same scheme that is used
in valve stem stuffing boxes. Instead of screwing one mem-

ber into the other, as usual, it was pressed in directly,
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the force being exerted thfough a larze spring. The force
acting could be read on an experimentally calibrated scale,
mounted beside the spring. Rubber gaskets are used at the
back to facilitate access to the mirror. The lens is held
between rubber gaskets, the same spring holding them tight
that holds the packing. By this system no longitudinal
strains are exerted on the quartz. Pressures higher than
120 1lbs have not been used thus far, but the method has
proved satisfactory within that range.

One of the principle advantages of this design is the
ease with which the gas tube and lens may be taken down for
~ cleaning. The construction is shown in fig.1l, which is a
~horizontal section. The arc is therefore directly behind
the gas tube and is not shown.

The general appearance of the apparatus is shown in
Plate I. The electrodes qf the arc, as well as the evacua-
ting tube and water inlet are geen extending from the lower
end of the reflector. In the lower picture one can see the
arrangement for distilling mercury into the arc, and als
the trap for condensing gases after drying in the flask at
the right, in order to obfain them under pressure by eva-

poration.
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Thermostalb

In order to get sharp spectra with the Hilger
E-1 spectrograph it proved essential to keep the temperature
of the room extremely constent. A variation of less than one
degree during the three or four days would be evident in the
picture. Accordingly a thermostat was designed --- after long
hours wasted with simpler efforts-=-- which has proved very
gsatisfactory. It is the usual mercury type, but evacuated in
order to keep the surface in the capillary from becoming
oxidized. The wire vhich makes contact with the mercury can
be adjusted from outside by means of a small magnet which slides
up and down with the wire; a spring balances most of its
weight, and the slight friction of the wire against the ca-
pillary walls keeps it in place.

The thermostat was filled by distillation under
vacuum; the tube through whieh the mercury entered was then
closed by a stop cock, which must be actually in contact with
the mercury. The thermostat is shown in Plate II.

| The current controlled by the mercury contact
actuated a telegraph relay, which in turn operated an auto-
mobile generator cut-out; this could handle the ten or fif-
teeh amperes of alternating current which supplied the heaters.
The heating was done by means of wire coils strung in front

of a large electric fan; this was mounted on the opposite



side of the room from the thermostat, which was kept
close to the spectrograph. A thermometer beside the
thermostat would ordinarily show no more variation than

a tenth of a degree. However, the lack of an icebox as
well as an oven frequently caused grief. In the end the
only answer to the mysterious vagaries of the ventilating
system proved to be its elimination. With the air inlets
entirely plugged up, the room became tdo hot only occa~-

sionly, instead of frequently.

Intensity meésurements »

For the determination of intensities each plate
was calibrated by means of density marks obtained with
light of very nearly the same wavelength as that of which
the intensity was to be measured. Light from a small mer-
cury arc placed at one side of the slit was reflected dif=-
fusely by a piece of white paper, placed about 18 inches
in front of the slit, and larze ehough to fill the optical
system of the spectrograph. This method insured that the
slit was evenly illuminated over its length; it had the
further advantage of giving a very low intensity. The ex-

posure could then be of the same order of magnitude ( at
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least photographically speaking) as the Raman exposure -
being ffom one to four hours, while the Raman eXposures
varied from five to seventy hours. The various densities
were obtained by means of a step weakener placed over the
slit, the silvered side being turned away from the incident
light so that any effect upon the quartz from prolonged
exposure to ultra-violet light would be constant over the
whole weakener.

The weakener was made by evaporating gold from
a tungsten filament onto a window of fused quartz by the
technique and with the assistance of Dr. John Strong of this
institute. The steps were produced by uncovering a small
amount of the surface at a time, a screen beinz moved along
by a screw which could be turnegaggtside. This was accom-
§1ished by means of a2 small permanent magnet at right angles
to the axis of the screw, which could be rotated by turning
a strong horseshoe magneﬁheld close to the glazss of the bell-
Jar. Two advantages might be mentioned in gradually uncomer ing
rather than covering the quartz surface. The screen can then
be very close to the surface, insuring a sharp shadow,without
fear of harming the metal coat that has already been applied.
And since the rate of evaporation of the zold must be deter-
mined by trial, it is important that the steps of least dene
sity, vhich are the most important ones in the use of the wea-

kener, be made last, instead of first. The width of the steps




4410

wag one millimeter. This is close to the lower limit
for use with grainy plates; it was chosen, however, in
the hope of taking Raman pictures directly through the
weakener. For this it is essential to have as large a
nunber of steps as possible within the short region over
which the slit is uniformly illuminated. Actually this
method has not been tried, because the Raman 1ight does
not éeem to be sufficiently unifdrm over even a small part
of the slit. |

The weakener was calibrated by comparison with
another, kindly loaned by Dr. Hughesf which had been
calibrated directly by him with A 2537, using a very sen-
sitive thermocouple.

The density of the Raman spectra was measured
with an excellent microphotometer, designed by Dr. Theodore
Dunham, Jr., of the MT. Wilson Observatory, and built in
their shop, for the use of which the writer is very much
indebted to him. The density of the density marks waé re=
corded by running over them with the same microphotometer,
the setting being in every way the same. The microphotometer
traces for three lineg reproduced in Plate III show the
general character of the data by means of which the plates
were calibrated.

National Reserach Fellow.
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In some cases vhen the background of the Raman
spectrum was high, this was gofle over a second time with

the microphotometer set to give larger deflections. The

second record then gives more accurate readings for the in-
dividual lines, while the first gives the relation to the
density marks. Such a procedure is poseible only with a
microphotome ter which gives a deflection strictly propor-
tional to the transmitted intensity. For example the Zeiss
microphotometer departs widely from this relation.

The ‘spectrum which ié reproduced in FPlate IIX
is excellent for shéipnesé and intensity. The background of
the.spectrum, however, is no more dense then the general
fog of the plate. This ordinarily very pleasing state of af-
fairs is a disadventage when it comes to the type of intan -
sity measurements we are seeking. It means that the weakest
lines are on the very lowest portion of the characteristic
curve of the plate. This would not matter if it meant only
discarding the weak lines, since others are strong emough to
be accurately measured, even if they do not reach the straight
section of the curves. But the broad overflow from the unshif-
ted line produces a background, vhich, though it decreasges
rapidly, must be taken into account in measuring most o f the
Raman lines. In the region in which we are most interested
this background is weak, but still important. Its intensity

cannot be determined accurately any more than that of the
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weak Raman lines, because it falls on fhe tail of the cha~
racteristic curve. Hence the intensity of even the stronger
Raman lines is rendered uncertain by the uncertainty of the
local backgrounds

The solution &6 this problem ic'clearly to raige the
whole outfit up to a more sympathetic part of the characteristic
curve. This could be done by partially exposing that part of
the plate on which the spectrum is to be recorded either be-
fore or after the Raman picture is taken. If done in the most
ob#ious wag this would introduce errors, probably not large,
but largely unknown. That is, the time of exposure as well as
the color of the light would not be even similar for the back-
ground and for the lines, which we wish to measure relative to
the badkground. This difficulty can be largely avoided by al-
lowing light scattered inside the spectrograph to produce the
background while the Raman exposure is being taken. This is
easy to achieve, since the E-1 spectrograph has a shield over
the central part of the lens to prevent just such an occurrence.
This has only to be partially removed, the degree of removel
depending upon the width of the slit and the lime of the expo-
sure contemplated. It is important, whether thig or the more
obvious method is followed, that the partial exposure should
not include that part of the plate on which the density marks
are to be made. Otherwise the characteristic curve will be

raised up along with the spectrum, removing "any advantage.

=



RAMAN EFFECT IN GASES

y intense ultraviolet 1ight of wavelength 2506 &
from & mercury arc is caused to fall upon the gas wolecules,
which scatter the 1izht in all directions, ihen this scat-

¢ is anslysed in a spectrosraph, it is found that
in eddition to lizht Of the original wavelensth there is now
a1so 1ight of other wavelensths; this produces other lines
on the photosraphic plate, which are known as Remen lines.
The photogrephs below show how the position and intensity of
the Reman lines vary when the 1light is scattered by different
kinds of gases.

The change of wevelensth of the light during the pro-

CHARLTON M. LEWIS
CALIFORNIA INSTITUTE OF TECHNOLOGY

The change in frequency, measured in wave number
units, is given by the expression

h
= T -
ay i (27 +AT + 1)

J is the rotationsl guantum number of the initial
state
A J is the change in T during scattering
I is the moment of imertia of the molecule.

where

Since I oceurs in the denominator, the frequency shift AV
will be less for lerger molecules, end this is seen to be

Reman band.

intrinsically very mas
8o that the Remsn lines
those due to 2534 (which w
pattern) are so very weai that
ever on the photosraphic ple

the two mercury lines appear:

he intensity of th
tin

cess of being scattered is always associated with a change in true in the cases shown below.
energy of the scatterine molecule; the snergy change of the
molecule is proportional to the frequency shift of the light.
In the pictures below are shown only shifts due to changes in
rotational energy of the molecule.

pictures because the inte:
sorbed by mercury vepor in
not absorved. lere this method
ing line would be 50 overexposed
part of the Reman band.
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ihen the molecule is linear, as in the first three
cases, A7 is alwsys either plus or minus two. The Raman
pattern is then rather simple. The light which produces

ily to the different numbers of molecules in
initial rotational states. Under each 1
guantum number J of the initial state of the molecule

produced that line.

Lines to the right (

each line is scattered by molecules which are initially in a

particuler rotational state.

The gradual veriation in inten-

those to the left result from a decrease in

sity as'we go from one Raman line to the next is due primar- 1

ACETYLENE HC-CH

Since all of these molecules have & plane of sym-

metry, all initial velues of J may not ocour. In fact it
is seen that in oxygen J is always odd, in carbon dioxide
J is always even, while in acetylene, due to the nuclear
=pin of the hydrogen atoms, both even and odd values of J
occur, but the latter three times as frejuently as the
former. This leads to the "alternating intensities" seen
in the case of acetylene.

hen, 'as in ethylene, the molecule is not linear,
we may have AJ = & 1 a8 well as & 3. The freguency
shifts of the lines due to AJ = £ 1 are only about half
es great as the others, end the lines bunch together close
to the exeiting lime, obscuring the pattern in that regiom,
and changing the envelope of the microphotometer curve.
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intensities in the Pure Rotation

Band of Ammonia.

For the experiemental test of the theoretical intensities
derived in Section 3, the ammonia molecule is an ideal subject.
It belongs to the symmetrical top classs, The moment of inertia,

A =2,80- iO'4C‘gm em”

» is a perfect compromise. It is small
enough so that the lines may be fésolved easily, but not so amall
as to restrict unreasgonably the number of rotation linés avai-
lable. |

Values of J as high as 10 or 12 will be sufficiently
pepulated at room temperature to produce lines. For higher
states approximations would be needed in calculating the inten-
sities, but up to 12 the summation over ¥ can be carried out
explicitly without undue labor. The pressure that can be used
in the apparatus is limited,'it is true, to about 100 pounds,
but this proves sufficient. The fluorescence, which Rasetti and
others have reported as making the'vibratién lines difficult
to measure, was not found to give trouble, probably because of
the high dispersion used.

A further=-~ and not inconsiderable-- advantage in the
use of ammonia for this purpose is the fact that other interest
attaches to the results. The intensity measurements will be .

shown to provide a means of setting limits upon the moment of

inertia C. No great accuracy is to be expected in this directipy,

.
:




since the intensity is’relatively insensitive to changes
in the ratio of the two moments. But it is possible to show
in this way that the nitrogen nucleus is not far from the
plane of the hydrogens, thus confirming this now well-
egtablished result. The doubling of the infra~red bands has
been explained by Dennison(15) on the basis of a very low
pyramid. The two positions of equilibrium of the nitrogen
“===0ne oﬁ each side of the plane---are then separated by
so low a potential barrier that the frequency with which the
molecule turns inside out is nearly 1cm'1 vhen in the ground
vibrational level. Both Dennison and Uhlenbeck(l6) and Hosen
and Morse(l7) have discussed quantum mechanically the vibration
of the nitrogen along a line perpendicular to the plane of the
hydrogens; they find that the observed vibrational frequencies
are compatible with assumed potential energy functions only if
the height of the pyramid is closely specified. The figures ob-
tained in the two papers for this distance are remarkably close,
némely .38 and 365 Lo There appears to be little possibility
of questioning the essential correctness of these results, but
the very novelty of the means by which they have been cbtained
makes it of some interest to confirm them from an entirely in-
dependent argument.

With this in mind, intensities have been calculated

from the expressions given in section 3 for the pure rotation
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Raman lines on the low frequency side of the unshifted

line (Stokes lines) for three different values of P==A/C-l:
the plane model, § =-5; the model indicated by the analysis
of Rosen and liorse, P= ~.367; and the spherically symetri-
cal model for which f =o. In 2ll these cases it has been
assumed that A=2.80+10-40 gm cm® and T =42°C. The con-
stants in the exponentials of (25), section 3, are then
B/XT = .0449, and B /xT=-.0164, —.0224, and o0, in the
three cases mentioned above. With these values, the product
of (24) by (25) was summed explicitly over all values of

K from =J to +J. The results are collected in Table 1.

Since it is not feasible to measure the absolute inten=-
sity of Ramen lines, only the relative intensities of the
various lines in each case are of interest. Therefore the
calculated intensities are expressaed in such units for each
model that the line J=4 >J =6 will have the same -inten-
sity in all cases. Thig line--- rather than, say, the most
intense line of the spectrum--- is chosen as the point of
contact, because the calculations for the different models
then agree better for a larger number of lines. The compari-
son with experiment wag therefore simplified b& this choice.

The experimental intensities given in Table 1 were
obtained as described in section 4. The ammonia was taken from

& commercial cylinder, dried over sodium hydroxide flakes,
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condensed, and evaporated into the apparatus. Pressures of
75 to 100 pounds per square inch were employed. In mogt cases
a moderately wide slit was used. Since the intrinsic width
of the rotation lines -- at least at the pressures mentioned
-- 1s one or two frequency units, this serves to increase
the intensity without broadening the lines appreciably.

A typical spectrum is reproduced in Plate III. The
greater sharpness of the Hg lines is clearly evident. The
very effective absorption of Hg 2537 by mercury vapor in the
spectrograph is also evident.This detail of technique was in-
troduced by Rasetti and has become what may be called standard
Practice. It is especially effective in connection with the
Hilger E-1 spectrograph, since the total light path is then
more than ten feet. The advantage obtained in this way is suf-
ficient to justify the complications and added expense of wor-
king in the ultraviolet; the greatly increased intenéity in
this region may therefore be considered as a free gift.

To facilitate the comparison of experimental and
theoretical intensities, these are plotted for the various
lines, both Stokes and anti-Stokes, in Plate IV. The length
of the solid lines rcpresents the intensities calculated for
the " lMorse " model ( §==A/C = 1==.36¢6; height of the pyramid
= L3267 lO-scm.}. The other symbols are explained in the

Plate. Initial values of T for the various branches are given

below each line.
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In regard to the effect of the symmefy properties

and nuclear-spin, it is clear from Table 1 that it approaches
zero for high values of J., For the S branch it is not more
than a few percent even for J=1, and 33 for J=0, the cor=-
rection is abbut ones third.Turning to the R branch, we find
greater sensitivity to the spin effect; the lines for J=3

and J=5 are altered by 137 and 9.4% respectively, and in op-
posite directions, so that they change places in order of in-
tensity. In plate IV the intensities calculated for ne spin
are plotted only for these two lines, since the deviations in
the other cases are too small to detect experimentally. It is
clear, however, when these two are compared with the experimen-
tal pointe, that the spin effect must be taken into account to
give agreement.

We may now examine the general agreement between ex-
periment and the caleculations from the lorse model. Out of the
27 lines plotted all but 5 show as close agreement as one could
expecte These are the transitions of 4 from O0>2, 12 3, 821D
in the & branch; 9 - 10 in the R branch; and 3> 1 in the
O brancheThe first of these,0>2, is too close to 2537 for ac-
curate measurements. It iz believed that 8> 10 falls upon a
weak Hg line, though this hag stiil to be confirmed directly.
The error in 13 jig only about 11%, and is not distressing.
This leaves only one anti Stokes line, 3+ 1, with an error of
17%, and one Stokes line in the R braneh, 9-10, which show

definitely unsatisfactory agreement, The general trend of the

SRS )
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intensity distribution follows the calculated values very
well. ;
In particular it is seen that the ratio of inten-
sity of Stokes to anti-Stokes lines 1is j?ig)as predicted.
The fear expressed by Amaddi and Placzek that the anti-
Stokes lines were stronger than predicted may therefore be
laid aside. It was based only upon rough intensity estimates.
The accuracy of the observations is not sufficient
to distinguish between the lMorse and the plapelmodel for NHS’
and values for the latter (see Table 1) are gg%;fgqglate Iv.
Calculated intensities for the spherical model are, however,
included for those Stokes lines in which the deviation is ap-
preeiable. In no case does this model give better agreement
than that for §==-.366(with the possible exception of the
line 0> 2, which we have discarded as being too close to
2537). On the other hand 324 and 596 show slight preference

for the lorse model, while 7—> 8 and 11— 12 are conclusive

evidence that the molecule is nearly planar.

Ramen Frequencies in Ammonia.

Frequencies for both the rotation and vibration
Reman lines in ammonia have been determined by completely
independent measurements of the two bhest prlates. In obtaining

the shift in frequency, the average of the Stokes 2nd anti-
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Stokes rotation lines is taken as the frequency of the
exciting line.In Table 2 are given the observed Raman g
frequencies, which are averages of the Stokes and antd-
Stokes lines on the two plates.

Lines for AJ = +2 (8 and O branches) are listed
separately from these for AT = =+ 1 (R and P branches).
This is because the frequencies are fitted more closely if
in the two cases different constants are taken for the depend-
ence of the moment of inertia upon the rotational energy.
Calculated frequencies have been obtained by the use of the

following expression for the rotational energy levels.

B/ = BT (F)+BePK° = 3y I (1v1)® ()
The second term is not important, since K does not change.

Tne frequencies of the S branch lines are found to be

Bo (47+6) — B] (87° + 3672 + 607 + 36) (2)
and of the R branch lines

| ' :

B, (27+2)—B_ ( J41)° (47 + 4) (3)

These quantities are given in Table 2, with B,=9.92,

T N
B =.00052 for the S branch and Bo™= 9492, Bé = ,00023 for

0
th= R branch. This use of different values for B; is a
purely empirical procedure, and appears to have little
Justification beyond the agreement produced. In any case

it proves impossible to fit the observed lines by means of
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expressions {2) and (3) and a single set of constants.
It may be thst a different form for the last term of (1)
would be more satisfactory. The theory behind this question
will need further investigation.

Clearly the S branch gives the greater accuracy
and we shall consider it alone. It yields a value of 2.79046#p
for the moment of inertia A. This is an excellent average
ogzgzgzrminations. The constants 9.92 and .00052 are remar-
kably close to those given by Dickinson, Dillon, and Rasettiglg)
who found 9.921 and . 00063, using the energy formula

mfhe =3, (7 + 32 =3, (F+3)°

They were not troubdled by the R branch, since they did not
observe it. Amaldi and Placzek (18) give frequencies which
are systematically about l.5 em™1 higher than ours. They are
more interested in other features of the spectrum and do not
discuss these values.

Tuming to the vibration lines, we find the fol-

lowing frequencies from the two plates measured, and from the

results of other authors.

e R— R -

r

| j 1 Amzldi  Dickinson
Intens.; Plate 38A |. Plate 47A] lean { and illon &
' | { { Placzek [Rasetti

{ 1 1 L "

e _vV.~--._-_.~L._Nuvw---dr,--mw--‘_i,..*_*_*ﬂ
} (4

3 934, 6 933.7 | 93423, \1933.8, \

4 964.5 964.1 | <§p.y? <5§.5;

| 964.3~ [1964,3 i

; ! i

2 3219, 2 3219.1 | 3210,1 | f
10 | 3334.2 3334.0 | 3334.1 | 5334.2 ! 535506

i H J

K TORCIN, =5, T -




The values for the doublet at 950 cm and the sym-
metrical vibration frequency at 3334.1 are in sufficiently
good agreement with Amaldi and Placzek to require no fux-
ther discussion of their significances.In the former case the
lines are quite broad, and greater accuracy than 5 cm‘.‘1
has little meaning. This is evident from the lower micro-
photometer curve in Flate III, when one remembefs that the
two lines ars 30 em T apart. |

Placzek hag predicted that the fourth fundamental

frequency of XN Which.ﬁa#%? had not yet been observed,

5’
should appear faintly in the Raman effect. It is believed
that the line observed at 3219.1 is the fundamental of

thig vibrations
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Rotational Ramsp Tffect in Methane,
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Zthone, Ithylene Acebylens and Carbon Dioxide.

.
Methanes
s balout

A series of the simplers hydrocarbons was investi-
gated with the primary purpose of obtaining resolyved iotation;
relatively few polyamotic molecules had at that time been
studied with sufficient resolving power for that purpose.

Methane had been studied by Dicki*Dillon and Rasetti,
who observed a vibration-rotation band from which the moment of
inertia in the normal state was found to be 5.17. They found
linesgs corresponding to AT =22 but not i;l; they found no
pure rotation liness The }atter result is confirmed by
Bhagaventam and others. In gtudying methane agaln, it was hope
to obtain the P and R branches of the vibration band, and to
establish more definitely the status of the pure rotation lines.

Some evidence was found of P and R branches, but,
due to the very low intensity, it was npt entirely conclusives
The region in vwhich these lines should fall Was complicated by
the vibxation lines of ethane ang Propane, which must have been
present to the extent of 5 to 10 percent as impurities. The R
and S branches were cbserved, and egree well with the results
of Rasetti. The vibration-rotation spectfum is shown in the
lower microphotometer curve reproduced in Plate V. The very in-

tense Raman line shown ig at 3916 em~1 and is due to the symme-

trical vibration; it has no rotation wings. The rotation lines
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marked in the margin go with the (9 branch at 3022, which
is due to a degenerate‘vibration; the average polarizability %
is changed very little by the vibrational motion, but ‘*,xx
and CXZZ are changed in different directions, destroying the
spherical symmetry of the polarizability tensor. It is for
this reason that rotation lines appear, though the Q}Branch.
is much weaker than that of the completely symmetrical vibration.
lt was found, in agreement with the qualitative re-
sults of Rasetti and of Bhegavantum that the pure rotation
band of methane was certainly of a lower order of intensity '
than that of molecules without spnerical symmetry. This is in
accord with the theory. Some slight evidence was found, after
exposures of 100 hours, of very faint lines at about the po-
sition that rotation lines would be expected to appear. It is
thought, however, though it has not been definitely established,
that thése are extremely weak mercury lines. Plate V shows the
striking contrast between the pure rotation of methane end of
ethylene. The faint lines referred to ars marked, and one may

Judge for himself of their reality. No critical test is to be

it B e e

found in the frequencies corresponding to them because of the

interaction of rotation and vibration, discussed by Teller 1

(8 - ”
and Tigza'‘ .







Ethylene

The structure of the pure rotation of ethylene
shows a curious grouping of the lines into pairs. This is
more evident in the lines further from the exciting frequency,
as one would expect, for here there is not the compliecation of
trenstitions in which A J = =% 1, which may be expected to
obscure the patterns in the closer part of the band.

On the other hand for the lines with largest fre-
quency shift observed, the pairs appear to be drawing together
somewhat,

The plate grain makes measurement of this fine
structure very uncertain. This can be very considerably
remedied by studying enlargements made from thé original in
the following way. While the enlargement is being made, the
original plate is moved steadily in a direction parallel to
the Raman lines. The image in the enlargement is then blurred
in this direction, but is still in sharp focus in the direction
perpendicular to the lines. The results of this process are
shown in plate VI where are reproduced enlargements made in

bands
this way of the rotationXSf ethylene, carbon dioxide and ethane.
Thqéirst two of these may be compared with the enlargements made
in the usual Wway and reproduced somewhat imperfectly in the
" Exhibit » following 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 be difficult to distinguish from the genuine ones. In
Plate VI one can see how small a distance the plate was moved;
for example the very short lines, which are iron standards, do
not extend appreciably further than in the original.

In spite of the pairing of the limes, which is so clear-
ly evident to the eye, the frequencksas measgsured on the cbmparator
are found to be very nearly equally spaced. In Table 3 are given
the values obtained from the enlargement feproduced, as well asg
from three different plates measured directly. In both cases the
values given are averages of Stokes and AHti-Stokes lines. The
agreement is on the whole surprisinglj close.

Values are calculated for Bof==.920, and are seen to
fit moderately well, if we assume that only lines for which
A J =% 2 are observed. This value corresponds to a moment
of inertia of 30.1 +10~40 gm  em®., Since ethylene is not pre-
cisely a symmetrical rotator, this is to be interpreted ag a
mean of the two nearly equal moments of inertia A and B. This
interpretation has been confirmed by a calculation of the ener-
gy levels from the formulae given by Dennison(lé’II) for the
agymmetrical top. It was found that for values of J up to six
the departure from the symmetrical top formula was negligeable,
when the mean of A and B was used for the moment of inertia.

The value 30,1 for(A+3B)#A may be compared with

A =32,52 and B'==30.3;, calculated from Pauling's values of the

o W~
interatomic'distances,'and assuming the tetrahedral angle of
109%23t,

s
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The disagreement here ic smdll. It may be due to a
faulty interpretation of the band. When the pairing of the
lines is recognized, it proves possible to arrangéz?h two
sets, both having linear spacing, but with slightly different
constants. Details of such an assignment need not be entered
into, since no explanation has been obtained for it, and the
data is insufficient to make it definitely superior to the
assignment given above. It is mentioned to show that a small
error in Bo may be made from such a source. It may well be

that the rotational oscillations about the double bond will

need to be taken tinto account.

The further question of the absence of lines with AJ=%1

is not serious, since they would appear only in that part of
the spectrum which is pretty well clogged up already. The
agreement obtained in Table 3 is sufficient to assure that the
general aspects of the assignment of the observed lines dae

correct.

Ethane

A great many pictures have been taken of ethane, because

its spectrum shows just sufficient indications of structure to
keep one's optimism flourishing. There is clear evidence in

severak pictures of structure in the vibration-rotation band.
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However not enough lines are present to make possible a
definite interpretation. Apparentiy the observed lines are
due to systematic variations in the intensity of the actual
fine structure, which cannot itself be resolved. The spacing
is not too small to permit resolution of the individual lines;
but each line is probably broad, due in part to perturbation
of each molecule by its neighbors. This could be reduced (as
has been noted especially in COo, (20) and by Bhagavantum(zl)
in 0o, and other gases) by using lower pressure, but then the
intensity is not sufficient.

The pure rotation band has shown resolution only
in the last picture taken. A series of rather broad lines are
clearly evident, and yield the frequencies given below. These
are averages of readings taken directly from the plate, and
from enlargements such as the one reproduced in Plate VI. The

spacing is seen to be close to 7.2 em L,

Qbserved Rotation Structure in Zthane

Stokes Anti-Stokes
37.8 cw' 3603 <wm
45.0 44.0
52«4 B2e e
59.6 5947
66s 2 6645
Voed 736
80.5 79«9
86.0 87.1

91.9



Ethane Vibration.

PLATE VII




We obtain the right order of magnitude for the
moment of inertia C if we asgsume that this broad structure
is due to changes of two in K with constant J. But K is per-
mitted to change only if the two polarizability components'q&x
and. <‘yy perpendicular to the molecular axis are different,
and there seems no reason for expecting this here.

In addition to these intengity maxima there is

a much finef structure. This has a spacing of a little more
than a quarter of the other, namely 1.9cm"1 «If it weré exact-
ly one quarter, we would suppose that every fourth line of the
fine structure was weaker (or stronger ) than the rest, giving
the banded effect we have pointed out. The accuracy of measure-
ment so far is sufficient to throw doubt on this explanation
without making it definitely untenable.

Such considerations become relatively unimportant
when one notices that the spacing of the narrow structure is al-
most identically half of that observed in ethylene. The appearance
also of ethylene vibration lines upon the ethane plate confirms
the presence as an impurety. See, for example, Plate VII. The
gas was used directly from a small pressure tank supplied by
Matheson Company. It may be possible that the impurity is due
in part to photochemical decomposition. BEfforts will be made to
remedy the difficulty if it is due to other causes.

In the meantime we may sugcest a further explan=-

ation of the observed spectrum. One would expect, if both



ethane and ethylene are present, that beats would ocecur

between the two sets of rotation lines. This may well be the

cause of the broad regions of greater iﬁtensity mentioned

above. It is to be noted that we must here assume ebhylene T
lines for which AJ =% 1, although no such lines were obser-

ved in the spectrum of ethylene itself. This is the weakest

point in ﬁhe sugcested interpretation of the ethane plate.

Let us pass over it, and assume also that ethane lines are

present for both A J = +1, and #*2. Then, if broad regions

of greater intensity are due to " hedts" between the ethane

and ethylene rotation lines, a simple calculation lsads to

the value 1la45 cm'l between the ethane lines, which in turn
corresponds to a moment of inertia for ethane of 38.2'10-40
gm em” . This compares favorably with 38.6 , obtained from

in=-

(O

Panling'e inter-atomic distances, This interpretation i
tended more as an intemesting suggestion than as an evaluation
of the moment of inertia. The agreement, however is encouraglng.

It is hoped that better resolution may yet be attained.

Carbon Dioxide

Entirely satisfactory resolution has been obtained
of the rotation band of carbon dioxide. This remains, so far

as I am aware, the larzest molecule which has yet been subjeeted
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to such analysise A large part of the wqu involved in
obtaining this sprecirum, ags well as in ité interpretation
was performed by Prof. Houstons The results have been
published in the Proceedings of the National Academy,

17, 229,' 31, from which extracts are included below. The
resulting velue for the moment of inertia is 70.2+10°%°

gm cm?. Plate VI shows an enlargement made by the process

described above, of the rotation band of COP.

Acetylene

The moment of inertia of acetylene is so smll
that no difficulty is encountered in resolving its structure.
The spectrum and a microphotometer curve are shown in the
" BExhibit " above. Measurement of the lines yielded é value
for A of 23, 45+ 10~4C gm cm®, which agrees very well with
the infra~red result of Hedfeld and Mecke(gz), 23502« The
alternating intensities shown in the reproduction are fully
explained by symmetry consideratiomSwhen a nuclear spin of

1/2 is assigned to each hydrogen atom(14).

Photon Spin

A few words may be said about an attempt which has

been made to re-examine the experimental foundations of the

LI e | el T e B S 4
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ROTATIONAL RAMAN SPECTRUM OF CO,

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-

0O Ut W~

g*
10
11
12
13
14
15
16
it
18

TABLE 1
SHIFT IN CM. 1
OBS. CALC. OBS.
AL Un TG ¥ G L
BT T PR SRRt
8.66 — 8.93
11.58 11.81 —11.67
14.76 14.96 —14.91
18.25 18.11 —18.02
21.59 21.26 —21.46
24.52 24 .41 —24.67
27.58 7701 AT R S )
30.66 30.71 —30.73
33.92 33.86 —33.29
37.08 37.01 —36.97
40.21 40.16 —40.23
43.42 43.31 —43.36
46.45 46.46 —46.52
49.84 49.61 —49.50
52.46 52.76 —53.46
55.54 55.91

termine, the shifts are measured from a point half-way between the posi-
tively and negatively shifted lines.
estimated position of the mercury line.

This differed by 0.36 cm.~! from the

The calculated wave numbers are from the equation
v = (3.150/8)(4J + 6). (1)

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 1074 g. ecm.? Since the positions of the lines are probably not
more than 0.5 cm.~! in error, this value for the moment of inertia is prob-
ably correct within one or two per cent.



in Manneback‘s naper(lo) which has sinece been paint@& eg% l

| also by Plaeczek and Telle#ll) e )
It appears to the writer very probabls thai ﬁﬁeﬂgjh
remaining discrepancy is to be attributed to experimaﬁﬁéi
rors, prinecipally in the polarization technique, rathﬁr
in the photometry itsgelf as Placzek(ll)”and others h&we
gested. _
It was noticed that the aspects of the thegxy a#ﬁg

tacked by Raman 'and Bhagavantam could be checked withpﬂt.ﬂ
polarization, provided the intensities of the four lines
served in the § branch of the vibration band could be comy
with sufficient acecuracy. The method rests upon the fact
the intensity of the Q-branch lines is due in part to a term
depending wpon the rotation ~f the male~nle, and in part ﬁg‘;;
2 term independent of this. The ratio of the two termS‘ié ai
proximately the same for three of the lines, and therefore
cannot be determined f?am their intensities. But for the lﬁﬁﬁ“j
C—=>0C the " rotational term " drops out. The ratio of the

terme for the other lines may therefore be obtained by
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comparing the intensity of the O—> 0 line with the

others. The exact bearing of this ratio upon the spin

Td I*

OJ

theory is somewhat involved and need not be gone into
here. Since the " rotation2l term " is much smaller than
the other one,.considerable accuracy is needed to make
the experiment conclusive. From 5 to 10% should suffice.
The Q-=branch of hydrogen as obtained with the Hilger
BE~-1 spectrograph is shown, with a microphotometer curve, in
Plate VIIZI. It is seen at once that the line 00 is teo
close to 1> 1 to be measured with certainty. liany plates
were made without obtaining resolutioncbetter than that
showne. The results were in favor of the usuval as against
the spin theory, but could not be called conclusive. Since

in this case only a conclusive answer is of interest, the

method had to be given up.

In conclusion, the writer wishes to acknowledge
his indebtedness to Prof. William V. Houston, under whose
direction, and, in large measure, by whose hand the foregoing
experiments have been carried out. ®kis interest in the work

was a constant pleasure and inspiration.
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Summary of HResul ts.

An account is given of the relation of the theory of
the Raman effect developed by Placzek to the theory based
upon the Kramers.Heisenberg formula. The equivalence of the
two is shovmn in the general cases

An outline is given of the procedure used by FProf.
We Ve Houston and the writer in evaluating the integrals result-
ing from this theory for the intensities of the individualici-
rotation lines for molecules of the symmetrical top class.

The results of this calculation are verified experimen-
tally in the case of ammonia gas, using accurate photometric
techniques It is shown (1) that the general intensity distribut-
tion over the pure rotation band is as predicted; (2) that the
effect of the nuclear spin of the hydrogen atoms must be taken
into account; (3) that the relative intensity of the R-branch
and S-branch lines corresponds.to a molecule which is nearly
planar, in agreement with results from the infra-red spectra.

The frequencies of the rotation and vibration lines of ammonia
% _

-

are also discussed. The line at 3219 em — is interpreted as
due to the unsymmetrical vibretion of the hydrogen nuclei, not

previously observed.

2

The rotation structure of a series of ‘the simpler hydro-

L)

carbons has been investigated. MNethane showm no pure rotation,

v

in agreement with theory. The rotation band of acetylene has
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