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h horizontally rclarized incident radiation

(o} incident value

s Stokes component

\Y vertically polarized incident rad.ation
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I. INTRODUCTION

The Raman effect has been known and utilized for almost a
half century by chemists and physicists interested in molecular
structures and chemical, physical thermodynamic and crystalo-
graphic properties of matter; these range from force constants,
composition, chemical bonds,isomerism, =lectrolytic dissociation,
association to polymerization, exchange interaction, kinetics
of fast reactions, struc:ural symmetry or asymmetry, etc. 1In
the last several years, spurned by the development of high
power lasers, the application ot the Raman effect, due to its

unique properties, has found new fields of application c

.These range from diagnostics of flow fields in fluid dynamics

to the remote measurements and monitoring of air pollutants,
from temperature measurements of reacting gases to concentration
measurements of the products of reactions and combustion. The
theory of the Raman effect and PRaman spectroscopy on a labora-
tory level is in a very highly developed state. While the
molecular polarizability invariants a’ and y' necessary for the
calculation of the equivalent Raman scattering cross-sections
are tabulated for a number of molecules, in particular diatomic
moleculesl'7’8, there is a vast number of molecules for which

these invariants are not easily available. A number of methods

have been developed for the direct measur=sment of these
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invariants7. Some of these methods will be discussed in the

next section.

In Fhis work it is shown that it is possible to obtain
the polarizability invariants o’ and vy’ utilizing the ancular
dependence of the scattered intensity,in particular when one

has available a primary illumination source of known polarization.

II. THEORETICAL BACKGROUND

As stated in the Introduction, a number of methods are
available for the determination of the polarizability invariants.
These are generally based on the experimental determination of
the depolarization ratio p, defined as the ratio of the intensity
of the scattered light polarized perpendicular to the xz plane

Ilf to that polarized parallel to this plane I when the

11’

incident light approaches along the y-axis and the scattered

light is observed at right angles to the y-axis (Fig. 1)

(1)

_h
P=1

11
or, in other words, the ratio of the scattered intensity which

is polarized perpendicular to the polarization of the incident

radiation to the scattered intensity which is polarized parallel

to the polarization of the incident radiation, where all




'measurements are made in a direction perpendicular to the
propagation direction of the incident radiation. When con-
sidering the problem of measuring the state of polarization

of Raman scattered radiation by a2 non-oriented medium such

as a gas or liquid, one mu3t perform the averaging process over
all possible orientations of scattered radiation. As a result
of this process, one arrives at two convenient parts of the
derivatives of the polarizability tensoy; the first is the
isotropic part a’, the other is the anisotropic part y'. In

terms of o’ and y', the depolarization ratio can be expressed

as follows:

‘*‘?’Y'i—r— (2)

PRaman 45q <+7y 2

In a similar fashion, the depolarization ratio of Rayleigh

scattered radiation is given by

62
PRayleigh 4512 +7y? (3)

Frcm Egs. (2) and (3) and from a measurement of the intensity

ratio of IRam/IRay given by
I 13 1 H
Ram 450 °+7y 4
1 = Gszi7ve ) By i
Ray

and knowing the refractive index of the given gas which permits
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the calculation of a from *hr +elation n-1=21TNa, one can
obtain the polarizability invariants o’ and y'.

From the defirnition of the depola;ization ratio, it is
evident that at least two measurements are necessary to
obtain the same. Here one can distinguish between two basic
experimental techniques. One takes cognizance of the polariza-
tion of the scatteved radiation; the other does not. 1In order
to take account of the polarization of the scattered radiation,
vne may proceed as follows:

a) One may use unpolarized incident radiation and measure
the scattered radiation polarized once in one direction and
‘hen polarized perpendicular to the direction of the first
measurement.

») One may use incident radiation which is polarized
perpendicular to the direction of observation, and measure
scattered radiation polarized parallel to the incident radia-
tion and perpendicular to the incident light polarization.

Since Raman scattered radiation is nct polarized, in
both the above cases, it is necessary to utilize polarizers
for the observation of the scattered radiation. This, of
course, ccmplicates the experimental procedure, and it is
therefore not the best one could hope for.

The other experimental method for the depolarization

ratio measurement does not provide for the measurement of

T et —



the polarization of the scattered radiation. Here, too, two
procedures are possille. ne utilizes incident light polarized
parallel and perpendicular to the observation direction and
measures the intensity of the scattered raliation, the ratio

of which is the depolarization ratio given by Eq. (2). 1In

the other case, one uses incident radiation polarized parallel
to the observaticn direction, and nonpolarized incident light.
The ratio of both intensities again provides the polarization

ratio. 1In this case, however, p is given by

. 6y’®
T 453y (3)

While the above procedures provide the regquired information

necessary to obtain the equivalent scattering crcss-sections, it

is possible tc obtain the latter in a much simpler way. One
could, for example, obtain the equivalent scattering cross-
section of an unknown gaseous or liquid specie by comparing the
scattered intensity to the scattered intensity of a specie for
which the equivalent scattering cross-t¢ :ction is known, this
procedure being followed under the sar-: conditions ¢ illum-

inating intensity, f =quency, pressure, temperature, et This

prccedure can provide information which is sufficient for a
great number of applications. However, the polarizability

invariants, and the depolarization ratio provide additional
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information as to the symmetry of the given molecalar struc-

ture, the equivalent scattering cross-section, cannot provide.
The Raman scattered intensity as a function of the observa-

tion angle 6 .nay be represented for unpolarized primary illum-

ination by

AL N(v _-v)*
—hV/kT) ] {[45@’2+7Y’3 ](1+C03 6)+6Y 3gin? e}

6= vll- -exp(

which reduces for vertically polarized light and normal observa-
tion, i.e., normal to the »lane formed by the polarization
direction and direction of propagation to

kI N(v -v)*
I v[l—exp(—hv/aT)J [4502

+7y'?) (7)

and for norizontally polarized light to

) hoN(vo—v)
1 vll-exp(-hv/kT) ]

[(450'2+7v'2)cos? 6+6y '?sin?6]. (8)

The depolarization ratio,

I 3, 4.
p = =< _ _(j1_5(1_2+7_%_)_ cos® e+6ylasin36 (9)
111 (450’

When the angle of observation is equal to m/2 with

respect to the direction of the incident radiation, Eq. (9)



becomes

_ 6/7 '
P = a'a
45/7 ?75 + 1

(10)

Since the symmetrical part of the polarizability invariant o’

H ' J '
changes only when the moleculz is distorted in a totally symmet-

rical manner, a’' will be zerc for all vibrations which'are not:
) .
in a totally symmetric specie and the depolarization ratio from
Eq. (10) becomes 6/7. On the other hand, all unsymmét;ical
species will have p<6/7 since a’ will not van;sh: This feature
is of importance in idenéifying totally symmetric vibratiéné..
Returning now té Eqs; {(7) and}(B),.it is evident that two '
ratios can be forméd. The first, as giyen in Eq. (9),:permits
the evaluation of the depolarization ratio p, and from it the
ratio a'/Y'. The second ratio can'be‘formed by utiliziné

Eq. (8) above and performing the measurements at two different

angles. Thus one may obtain

I, _ In, [(45a'2+7y'?)cos?6,+6Y'?s5in’ 6, ]

I, Ipo L(45a'2+7y'%)cos?®6,+6y'?sin®g, ]

(11)

It is evident from Eq. (11) that knowing the angles of observa-

tion and measuring the scattered radiation intensity I, and I,
the ratio a'/y’ can be evaluated. This method is quite simple

and requires only a simplé xi«liation intensity measurement.



III. EXPERIMENTAL APPARATUS

In crder to perform the measirements as indicated abov:?,
an apparatus as shown in Fig. 2 was utilized. The apparatus

was essentially that of Ref. 3, except that several viewing
A

ports were utilized. These were at 6=45°‘ 900, 225o

and
2700, as indicated in the ficure. A photographic view of
thé experimental arrangemernt is shown in Fig. 3. The chamber
could be evacuated and pressurized to several atmospneres of
pressure. Pressure and vacuum monitoring instrumentation .'as
incorporated in the apparatus. For a complete description,
Ref. 3 should be consulted.

" A Q-switched ruby laser of 100 megawatt peak power was
utilized. Since the chamber was filled with a known gas,
apd therefore the expected Raman lines were known and no

interfererice »r overlapping of frequencies was expected, narrow

bandpass filters could be used for these measurements.

g IV. EXPERIMENTAL PROCEDURES AND RESULT

As pointed out above, it is possible to obtain the ratio
of a'?/y'? by simply measuring the intensity of the scattered
radiation at two different angles of observation, provided
the incident 'llumination is polarized in the plane of observa-

tion (horizontally) and utilizing Eq. (11).



To demonstrate the capability of this method, tests were
conducted utilizing gases whose polarizability invariants are
well-known and available in the literature. These gases are
nitrogen and oxygen. Before, however, attempting to determine
the polarizability invariants, a test of the apparatus and
the polarization of the lasers was conducted. Since with the
laser polarized normal to the plane of observation, no angular
dependence is predicted (Eq. (7)), tests were conducted for
both N, and 0, in that mode. The results are shown in Fig. 4,
wehre the intensity ratio is plotted as 4 function of observa-
tion angle normalized to the intenrity at 90° observation. It
is evident frcm this figure that the experimental results
are in good agreement with the theoretical predictions, thus
verifying the experimental apparatus and the polarization of
the laser.

Having confirmed the operation of the apparatus and the
polarization of the laser, tests were ccnducted for both 0O
and N, with the laser polarized in the plane of observation.
The scattered intensity as a function of angle of observation
was obtained for both species. The results for 0, and N, are
shown in Figs. 5 and 6, respectively. The data are presented
normalized to the scattered intensity at 90°. In the same

figures are also shown the results as given in Refs. 7 and 8.



As can be noted from these figures, the data obtained in this
work appear to agree reasonably well with those of Ref. 7.
Some scatter of the data is to be expectec in view of the
single pulse operation of the laser and some minor diffi-

culties in monitoring accurately the primary pulse power

during these experiments.

al

In Table I, the ratio of (;7) as obtained in this work

and in Refs. 7 and 8 are shown.
V. CONCLUSIONS

In view of the above experimental results, it may be
concluded that the method of obtaining the polarizability
invariants utilizing the angular dependence is capable of
providing reasonably reliable data quickly, easily and
economically, without the need of complicated experimental

apparatus and complicated procedures.
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SCATTERING CHAMBER, PHOTOMULTIPUER TUBE
WITH SUPPORTING EQUIPMENT

LASER SYSTEM

FIG.3 PHOTOGRAPHIC VIEWS OF THE EXPERIMENTAL
APPARATUS




43SV Q3ZVI0d
ATWVSILY3A HLIM 20 OGNV 3N dod %%/ 91 sp 6 30 1CVd & 94

oS¢l

i Gl A




ATTVLNOZINOH HLIM N39AXO ¥dO4

¥3SV1 03ZI¥V10d
%1/8r spn g 40 100d S 9I4

~e0 — P+

oSt 006 \.mm_
e
yd = N = = N
\
/ \
/ 2 \
| e 2— I+ 1 2— €—| ——]| + 08K
\ /
\ /
\ & /
AN % _z Z _ 7
—_— e e — X IO —
i 8 43y
L 4y — ——
viva IN3S3ud O
oSIE o0L2 0S22

e e e




43SV 43Z1¥v0d
ATIVANOZINOH HLIM N390d1iN dHO4 %y mH ‘SA 8 40 10d 9 Id

oSt

8 4384 ——
1 L 43y ———
/ viva 1IN3534d O

oSIE 0042 oSe¢

17



