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ABSTRACT

The pre-resonance Raman spectra of 802. NZO, and HyS have been
investigated using the 4880 R. 47272. and 45798 lines of the argon
ion laser. Although these molecules have electronic absorption bands
in the near ultraviolet, none have exhibited any pre-resonance enhance-
tent within our experimental error of + 10%Z., Possible explanations
taking into account the current theories for resonance Raman are

discussed.
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INTRODUCTION

The Raman effect is the inelastic scattering of light by mole-
cules which results in a frequency difference between the scattered
light and incident light. The intensity of scattered light is pro-
portional to the cross section which, under rormal conditions far
from an electronic absorption band, is dominated by a term contain-
ing the fourth power of the frequency of the scattered light. However,
when the incident light wavelength approaches or coincides with the
wavelength of an electronic absorption band, there can be an enhance-
ment of intensity which is larger than the fourth power of the fre-
quency and is known as the resonance Raman effect. This effect has
been observed in several gases as well s liquids and solutions. (1,
2,3,4,5,)

When intensity enhancement occurs wilh incident light approach-
ing but not entering an electronic absorption band, the effect is
known as the pre-resonance Raman effect. In this work a study of the
pre-resonance Raman spectra of §0j, N20, and H2S has been undertaken
by measuring the Raman cross sections of these molecule . wu..ng the
&8803, 47272, and é579§ lines of the argorn ion laser for excitation.

The molecules were chosen primarily because several of their elec-
tronic absorption bands fall in the near ultraviolet. Since these
electronic absorption hands are not far from the exciting wavelengths
used, there should be a high probability of observing some pre-reso-
rance enhancement of the Raman cross sections in these molecules.
Because their electronic absorption bands differ in intensity, amount

of vibronic structure, band width and band frequency, this study might
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provide some information on how these characteristics of the electronic
absorption band atfect the dependence of the Raman cross section on
exciting wavelength.

The electronic absorption spectra in the regions of interest of
the three molecules are seen in Figures 1, 2, and 3. Sulfur dioxide (see
Figure 1) has three near ultraviolet transitions. A weak band is ob-

0
served in the 3400-3900 A region and is assigned to a 331*1A1 forbid-

den transition.

A medium intensity band is found in the 3000-3400 R region and 1is

assigned to a 131+1A1 transition while the strong band observed in

132+1A1 transition. Recently

the vibration-rotation structure of the first two bands has been studied

o
the rrgion 2350-2000 A is assigned to a

in greater detail (6,7,8). Merer (9) showed that the 000-000 tands at
3880 R are polarized in the plane of the molecule containing all the atoms
of the molecule and perpendiculur to the C2 axis of the molecule. Addi-
tionally, they showed that the molecule is a symmetric top in both the
ground and in all the excited electronic states. Brand, et. al.(6) con-
firmed this analysis and determined that the ro(so) for the excited state
is 1.4926 + 0.0002 ﬁ and the angle is 126°13'42"'. The 331 state appears
to be strongly perturbed by a neighboring 3A2 state. In fact, Merer (9)
observes that one band at 3520 R which he assigns to the 201-000 com-
ponent of the 3A2+1A1 transition is as strong as any of the bands of the
3Bl+1A1 transition., He attributes this to a spin-orbit interaction
that mixes the 3A2 state with the higher singlet levels which is nearly
as strong as the interaction that allows the 331 levels. He further

states that the 3A2 bands are perpendicular bands. The 100 level

3
of the Bl state is also strongly perturbed; since the 001 state
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lies close enough and has the correct symmetry for Coriolus interaction.
Brand (7) adds that the 110-100 bands show vibronic interaction in the

K structure and states that the interaction matrix element

in"l"z"i( M/3Q4) Qq 3A2v1v2v3 >
must then increase with increasing Avl, sz, Avy. However, this implies
different structures.in the 331 and 3A2 states for which there is no
experiuental evidence,

Nitrous oxide, which has a 1

zs ground stute and belongs to the C.
symmetry group, is linear with a structure N-N-O as determined by Sponer
and Borner (10). These workers found continuous ab:orption in the
region 2595-30658 and attributed this to a 3#&-1A1 transition, the 3n
state leading to a dissociation process at 30658 yielding N%z + 03p as
products, Nitrous oxide has two vibrations of A, symmetry which occur
at 1285cm~! and 2224cm™! and are designated vy and v, respectively. The
ultraviolet absorption spectrum of N,0 is shown in Figure 2,

The spectrum of HyS (11) in the region 1600-2100% is a broad
continuum with little discrete structure, There are weak diffuse bands
at 1875, 1917, and 20053. These transitions have four structures with
a separation of approximately 1150cm™1 and are assigned to vy of the
excited electronic state. This frequency can be compared to 1240 em™1
Zor v, of the ground state. Ground state H,§ has C,, symmetry with v

symmetry occurring at 2611cm™ L,

1
uf A1
In summary, several theoretical studies of Raman intensity (1, 12,
13, 14, 15) point out that the Raman cross section should increase more
rapidly than the classical v dependence when the exc!iting frequency

approaches an electronic absorption band of the molecule, especially

when large amounts of vibronic structure are present in these electronic



absorption bands, Experimental studies of liquids, solutions, and

a gas phase stud* on the halogens by Bernstein (2) have in general
substantiated these thecretical predictions, The gas phase work by
Bernstein, however, showed ':sonance Raman only when the electronic
absorption band was entered, This experiment has been undertaken in
order to ascertain if Bernstein's study was an anomoly, since theo-
retically, resonance enhancement should take place when the absorption
band is approached, or if, for gases, the exciting wavelength must be
inside the absorption band., The choice of gases was made on the basis
that their electronic absorption bands showed a detectable vibronic
structure and thus might exhibit a measurable pre-resonance Raman

effect and because gases are of importance in environmental studies,



DISCJUSSION OF THEORIES

The total Raman radiant intensity, i,,, for the m. vibration-
rotation transition is related to the incident irradiance, 10. by the

expression
L.* o, (1)

where %n is the Raman cross section for .ais transition. (16) For
right angle scattering of a particular polarization produced by
exciting light of a particular polarization and for a small collection
angle, 0, the Raman radiart intensity is given by the equation

1 --;%EE-“ ) (2)

mn
Here d°nn’dn is the differential cross section for Raman scattering
for this scactering geometry. Murphy et. al. (16) related the differ-
ential cross section to the derived polarizability tensor with the

following equation

(211 [b (o = vy)* & A
ll =) e A I (3

where b'1 = (h/8n vic) . gj is the degeneracy of the jth vibrational

mode and yjz is the anisotropy. This 2quation and experimental data

for depolarization ratios allows calculation of aiz. The quantity

05 can in turn be related to microscopic quantities under pre-

resonance or resonance conditions by several theoretical approaches.
Shorygin (12) uses a semi-classical approach in his development

of resonance Raman theory by considering the terms in the static polar-

izability expression as a function of the normal coordinates of the

ground electronic state. Albrecht (14), on the other hand, uses a

quantum mechanical approach involving the Kramers-Heisenberg dispersion



thco:y. and sums over th¢ excited states. This method involves per=-
turbstion theory and was later modified by Albrecht and Tang (15)
where the vu fation method was applied to find the best energies in
the energy denominators. All three methods make important simplifi-
cations and have significant similarities and differerces.

Shorygin (12) begins with the semi-classical expression for

static polarizability for one nuclear configuration

22 f
7 §
" 4nlclm e _;E = v+ dvye )

where f. is the oscillator strength, Ve? tne frequency of the absorp-

tion band maximum in ca™}

» Ye '8 the attenuation coeffic .ent, the
remaining constents have their usual meaning and the s .nmation is
over all electronic excitation levels. The first a'd second deriv-
atives which govern the Raman fundemental and overcone intensities

respectively are given in the following equations :

da 22 g 2f v, ve
L - o | A S M-
dQ a ’iﬂzczm e[‘\?e - y© + 1\’78 (VQ - v $ 1\"7.) (5)
2 2 L] ] 1 "
ﬂ a z s f lofev va + 2f v v
2 = u" = 2l Bl..8 = % i 2 H
dqQ bncelm €lvg = v© + duye (vé ~v vye
" Zvaéz(sz » v2 + dvy)) ]
(Vg v+ qvy,g )2 (6)

In differentiating the expression for the polarizability, it should

For « discussion of the dispersion equation for molecules

see "Comments on the Derivation of the Dispersion Equation

for Molecules" by G. P, Barnett and A. C. Albrecht in

Raman Spectroscopy Volume 2, H. A. Szymanski ed., Plenum Press
New York 1970




be noted that f. and v, e in general functions of the normal co=-
ordinates. The term f  can be replaced by the squares of the matrix
elements of the transition dipole moment. Equation (4) can then

be written (18)

2
). "3 | M)y | ,
po'kk T h L= vo )
/
where (app)xx is the polarizability of the ground state , and r is the

excited state, Differentiation with respect to the normal coordinate Q

then gives
d@p) 1_,{.“ 2v, 4|01, | 5 2(" + v l ) |2 d"r;]
dq n* r,} - v2 aq o - Bl o (8)

The dependence of both f. and the transition dipole moment upon the
normal coordinate is considered to be linear.

e dependence of Ve upon normal coordinate Q which involves
the derivative dve/on is estimated from the potential energy curve
of the excited electronic state. This gives the slope of the excited
electronic state potential energy curve at the point which corresponds
to the ground state equilibrium configuration. In theory dv‘/dQ
can be positive or negative depending upon the direction of the shift
of the potential energy curve of the excited electronic state. If AQ
is defined as Q. = Qo then the slope will be negative for a shift
where AQ = Q, = Q, > 0 and positive for a shift where AQ = Qe - Qo < 0;

tﬁis is illustrated graphically below

E(Q)




Inspection uf ecquation (5) shows that either the first or second
term can be dominant., Where v, >> v, as is the case in most Raman
scattering experiments, the first term should dominate, 1. e. the v‘
factor is overriding; however as \ increases, as when the exciting

frequency aporoaches an absorption band, the second term becomes

dominant and equation (5) can be simplified to

:zf PRI
Zﬂzc!ml(vz - vi)z + vi;i] (9)

Shorygin also points out that since the intensity depends upon
the change in the normal coordinates from the equilibrium configuration
that the vibrations with the greatest pAQ will exhibit the strongest
Raman intensity. Then the intensity of the stretching vibrations
which produce the greatest normal coordinate displacement should
increase in intensity more rapidly than other modes when approaching
the region of resonan: . This in turn implies that d,,/dQ will
increase in value also which leads to enhancement of the value of
ithe second term in equation (5).

Albrecht (14) begins the presentation of his quantum mechanical
theory with the equation for tne radiant intensity of scattered light
over a 4y solid angle

Ton n-ﬁft‘t To G # vmn)& 2'(0;00 )mn|2

- (10)
where o and o are the Cartesian coordinates of a mnlecule-fixed
system. Using dispersion theory, the p5th polarizabilitv matrix

element for an m-n transition is given by the following equation

O (G Jen (L )mr M )nr
(upu),m = -h- ]

Vrm = Vo ven ¥ vo (11)



with the sum over all vibronic states of the molecule and

L '('tl';pl*n> (12)

where ¥ and Y are vibronic wave functions and ;b is the pth
component of the electric dipole moment operator.

Ine born-Oppenheimer approximation which separates the vibronic
state into «lectronic and vibrational states is introduced, In
addition the energy of »11 the vibrational levels is considered constant
over a given electronic level. Equation (11) is then summed exclusive

of the ground electronic state, since its energy is much less than the

excited state energies. Equation (12) can now be written

™)g1, ev ™ (GE":;':‘plOgﬁ) (13)

The electronic transition moment at nuclear configuration Q

is given by
[ Mp (Q)] a * <°el-""‘p| 93) (14)

where 0, and 0g are electronic wave functions. Instead of expanding
[Mp(QJ zs in a Taylor's series, Albrecht formulates the theory in

first order perturbation theory where
= © p °
M ge Mge 4 } Aes QM gs (15)

and & e
1es(Q) = (Fheaqa)ézes (16)

Then equation (13) becomes

M) 1 oy = (M)galevieh) + In GEG)™ (i o (eviggle) D)

wherellge is the electronic transition moment to state s evaluated
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for the ground state equilibrium configuration and the sum extends
over all excited electronic states but e. The equation is over all
normal modes and Q, is the displacement of the ath normal mode and
h:. is a perturbation energy per unit displacement of the ath normal
mode due to mixing of the ground state equilibrium configuration and
electronic states e and s under vibrational perturbation. The same
approach is used for the remaining transitio.. moments so that equation
(11) can be written

(Gpc)si. gl * A+B+C (18)

For ordinary Raman where Veg, gi >> Vor V is replaced by Ve

o’ Ye,g
which permits employment of Van Vleck's sum rule with the following

results
§(gi|ev)(ev|gj) = (gi|gj) = 611 (Rayleigh scattering) (19)
I(gt]ev) (ev|Q,|8s) = (ai|ev)(ev]Q,|st)

= (g1|Q,led) = [ 0 if vl = v: 53

j 4 j 1
(v +1)/2 ] if = +1
[ a Ya a v& (20)

(V:IZYE)H if vi = v: -1

where
G’y /)
T va

For equation (18) then the A term predicts Rayleigh scattering and
the B and C terms predict Raman scattering. These expressions are
the selection rules for vibrational Raman. There is a further
requirement: the electronic states e and s must both be upper states
in the allow~d electronic transitions. Thus for a totally symmetric
ground state the symmetries of s and e must correspond separately
to the same symmetry as at least one of the transitions. This
requirement incorporates the Raman selection rules. Yet another

condition appears in Albrecht's treatment: the normal modes most
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highly involved in producing intensity in forbidden transitions show
the greatest activity in Raman scattering.

For resonance conditions Albrecht modifies his origiisal equation
and includes a damping constant. The resulting equation is very
similar to the result obtained by Shorygin. The sum rule can no
longer be employed, since the frequency denominator is now involved
in the sum., Some interesting differences in the A and B terms from
the same terms in ordinary Raman effect are now apparent. If the
vibrational wavefunction of the ground and e electronic state are not
solutions to the same Schrodinger equation, the A term can also
produce Raman; 1. e. with {1 f j (gilev)(evlgj) does not necessarily
vanish, Conversely, the B term quite possibly will produce Rayleigh
scattering since (gi]QaIev)(evlgj)and (gi|ev)(ele.|gj) are no longer

required to vanish when 1 = j. The B term is given by

o (o)
i '}.22 a (t{p)gc(hl,)gs(gjle\r) (ev]Q,[gi) + “L)ge(*b)gg(gil“’)(°V|Qa| 83)

sa €s (

Vev,gi ~ Vo iyg) (vg = vg) (21)

The B term near resonance can be responsible for a variation in
intensities different [rom the B term in non-resonance Raman., Albrecht
points out that vibrations which mix the lowest allowed electronic
transition with another allowed transition will increase in intensity
relative to all others as resonance is approached.

Albrecht and Tang (15) modified Albrecht's original paper by
making an attempt to avoid the adiabatic approximation for excited
electronic states. The authors start with Van Vleck's formulation
of the (a )mnth component of the polarizability

[(m{M' ADIC M, |n> {m |H e)( e .| n)]

—'-Eo Ee-En'l-Eo

(22)

(a

DO mn
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where m, n, and 2 are initial, final and intermediate vibronic states
with eigenvalues Em' En' and Ee and eigenfunctions |m), |n), and le)
for the total Hamiltonian H(r,Q). The sum is over e, the complete
set of vibronic states., When the adiabatic approximation is applied
for vibronic states m and n, the wavefunctions become

¥ (FQ) = o (r, @y (Q) (23)
Tn(FaQ) = v (r,Quy (Q) (24)

Substitution then gives

(sIH,I e) (el | g) (sluple) (e M 1g)
Gpodgt, g3 = <t |3 [

Eo Ee - Egj +B,

] i) @

or

(a =<t @13 (26)

%a) gi, &J

where integration is over the electronic coordinates only. Then

apa(Q) is expanded in a Tay.or's series.

& L dy =
3, (@ = a2, Q) +3 g NORLRELTE (27)
o
Rayleigh Raman Raman
scattering fundamentals overtones

However, instead of the previous manipulations, the denominators of equa-

tion (25) are expanded in a power series around an average energy, Egv.

Then

5 (gl le) (e |8)(E, - E_)
apo ) 'N,’g‘e('”N (o} I pl eN+1 av +
(Epy - Egy - Ey)

(28)

(ght, le) (e 1) B, - E )V
i e, SR

(Eav - Esj + Eo)
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where Ee is still an eigenvalue and |e) an eigenfunction of the *ctal
Hamiltonian ﬂ, This also implies the denominators are constant in
the sum over e and the numerators are matrix elements. The result

then 1is

N
he|(H - £ )"Mo|g) 2 el (H- e he|e)

T i H N+1 &
9o @ = 3 DY\ @y, - By - B (B - Ey +E

The above equation is a series expansion of the ground state instead
of a sum over electronic states, Such an expression can be differ-
entiated to obtain the polarizability derivatives. It is assumed that
the value assigned to Eav is ; nearly correct one. When the nuclear
conrdinates are thcse of the ground state configuration then thz above
equation is an expression for the ground state polarizabil:

Thus while Shorygin (12) considers only one excited state and
the symmetric normal mode, Albrecht and Tang (15) consider all
vibronic levels. Shorygin (12) points out that the fé is the dominant
factor for near resonance while Albrecht (i4) considers vibronically
active normal modes and points out that these should show a great
increase in intensity as the absorption band is approached. Equations
(8) and (11) of Shorygin and Albrecht respectivelf, have some interesting
similarities (14). The hzs of Albrecht's theory corresponds to dveIdQ
in Shorygin's theory; in a qualitative way, both represent a change of
electronic energy‘per displacement of the normal coordinate. For

Shorygin's equation near resonance and with the sum over r dropped

& o2 2v27 (02 - L 2v4
3 oy (ve + vo) /(ve vo) (30)
This predicted frequency dependence has been proven in general to be

experimentally successful .
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1f equation (21) in Albrecht's formulation is considered then

« b o T N
1 Vo (Vevg + vo) / (vg = uo)(v. vo) (31)

When v.+ve.the theories predict the same Yo dependence. However,
when v‘>>ve Albrecht's equation becomes

1w v/ 2 v 2)? (32)

This theory predicts a range of behavic: dependent upon the relative
nositions of v and v, at least near resonance.

Finally then although both theories predict an intensity enhance-
ment as the absorption band is approached, Albrecht's theory diverges

from Shorygin's when V>V
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EXPERIMENTAL

Optical System

The optical system shown in Figure 4 included a Coherent Radiation
Model 52C-UV argon ion laser, a halfwave plate, a Jarrell-Ash sample
chamber with a focusing lens that focused the laser light in an off-
axis resonator m?ltipass system. The Raman scattering was then col-
lected at right angles with a 125mm focal length achromat that focused
the Raman signal into a Spex double monochromator. The detection sys-
tem contained a Centronics P4249BA photomultiplier and SSR photon
counting equipment which cutput the signal on an Esterline strip
chart recorder.

This optical system was a modification of the original design
which had the laser at a 90" angle to the sample chamber. The present
system improved the alignment procedure by eliminating a 45° angle
mirror necessary to divert the laser beam into the sample chamber and
two 90° angle mirrors that directed the beam into the focusing lens.
The path length of the beam was also decreased. This fact, while not
critical in the visible region, was very important for ultraviolet
excitation since absorption and scattering of the laser beam became a
prime liability in that region. Originally this experiment was to
include data using the two Art? ultraviolet lines at 3511R and 36384.
However, the experimental difficulties were formidable and in the long
run too time consuming for completion of that phase of the work. The
major difficulty of this particular part of the experiment was the
necessity of having every component of the system operating at maximum

efficiency. Even though most of the technical difficulties had been



overcome, the low power output of the laser on these two lines

proved to be the major obstacle in obtaining experimental data.

The excitation line from the laser was passed through a half
wave plate A in order to orient the polarization properly, then was
focused with a quartz lens B, This lens focused the multipassed
laser line at a height of 10 inches from the base of the sample
chamber. The light from B was then reflected into the multipass
system by mirror C. The multipass system consisted of two parabolic
mirrors which produced an off-axis resonator. The light from C was
reflected to the upper parabolic mirror D. It in turn reflected the
light onto the lower parabolic mirror E and the light was passed in
a similar manner approximately twenty times. At the focal point in
the multipass system the beam was no more chan 3mm in width. Since
Raman scattering is over all angles a spherical mirror F was p.aced
at 180° from the collection optic so that the Raman scattering collected
was doubled. Focusing lens G focused the scattered radiation on the
monochromator slit. The glass slide H was set in the laser beam at
approximately Brewster's angle to divert a sufficient amount of radia-
tion to monitor the laser power. The power was recorded by a Coherent
Radiation power meter and read in millivolts on a Heathkit multimeter.
The laser power varied from almost one watt for 48808 to less than 50
md for the 47278 line. The slits were kept constant at 600 microns for
all samples.

The sample was contained in a fluorescence free quartz cell three
inches long and one inch in diameter with Brewster angle windows. The
cell was positioned so that the laser was focused approximately in its
center, although this was not critical. It was important, however,

that the cell be posicioned so the maximum number of passes hit the



17

Brewster angle windows and passed on through the cell without hitting

the sides of the cell. See Figure 5.

Cas Handling System

The gases were introduced into the sample cell by means of a
simple gas transfer line shown in Figure 6. The calibration gases
and sample gases were attached to outlets A, B, C, and D. The gar2s
were purified by low temperature distillation. The pressure was read
on an open end mercury manometer., All gas pressures were approximately
one atmosphere so small leaks in the vacuum system could be tolerated
without serious error in pressure measurement,

The sample cell was connected to the vacuum system by means of
%" stainless steel tubing. The arrangement was such that after initial
alignment of the gas ccil the gases could be pumped in and out of the
system without disturbing the position of the cell. The system was
flushed with nitrogen several time between sample gases to insure mini-

mum contamination. After each flushing the system was then 2vacuated.

Collection of Data

The gases were introduced into the vacuum system after the sys-
tem was pumped down. The evacuated cell was cut off so the gases were
put only in the main line, then frozen out with liquid nitrogen and
vacuum distilled. The sample cell was then opened and the gases al-
lowed to expand into the cell and the pressure read on the mercury
manometer. The pressure was also read after each completed total scan
of the gas to ensure there was no leakage.

A calibration for each laser line was run using 02, Nz, Cﬂa. and

Freon 22. 1In each case the vy symmetric stretch was monitored. Each
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peak was scanned four times for signal averaging, two forward and
two backward.

After the calibrations were completed, the gases unde. 'nves-
tigation were run., Each gas run was followed by a nitrogen scan to
be used for the relative measurement,

The samples were run in two different ways to check reproduc~-
ibility of results, In the first method each gas was run at all
laser exciting lines, then pumped out and nitrogen introduced and
run in the same manner. This was repeated for each gas, although in
come cases methane was substituted for nitrogen because of its stronger
scattering., As previously stated, all lines were scanned four times.
In the second method, each gas was run at one wavelength, then pumped
out and the reference gas put in. All gases were run with one excit-
ing line wuntil all were done. Then the exciting line was changed
and the procedure repeated. The results from both methods were iden-

tical within experimental error.
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TREATMENT OF DATA

Calibration Curves

Since the calculation of absolute Raman cross sections is ex-
tremely tedious and not the principal goal of this research, only
the cross sections relative to nitrogen were calculated. The cross
section of a molecule calculated experimentally involves several
parameters of the optical system itself along with the parameters
of the molecule in question.

However, in this case where only a ratio has been calculated it
is necessary only to obtain an efficiency curve for the entire opti-
cal system calibrated to wavelength instead of an absolute value for
each optical component. :

The Raman signal and incident intensity are related (17) to the

cross section experimentally by:

d 1
IR = [/%)dg]fnv (33)
c

where the integration is over the solid angle of collection, n is the
dens{iy of the scattering centers, V/A is the length from which the
photons are collected, I° is the laser intensity and IR the Raman
intensity. For the differential scattering cross section at 90°

the following approximation can be made with not more than 5% error

4 & [

@) w, Jai)en (36)
then

(35)
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With photon counting the number of counts observed is related to
the Raman signal, Il' by
N, = nF T, (36)
where n is the response of the spectrometer and rc is the ratio of
the number of photons entering the slits to the total number scat-
tered into the collection angle, which is approximately one for
wide slits.
The quantity f, can be related to experimental parameters by
fcL = Mo H {37)
where nm is the monochromator solid anglc, H is the entrance slit

height and M, th2 magnification. Then the scattering cross section

in terms of experimental parameters is given by

4, N
dn Fcﬁﬁmﬂnl (38)
o
If the experimental parameters are held constant, a ratio of two

cross sections would be

cross section 1 Nc/ancMann!Ial

cross section 2 © Ne/n2FMomiing To2 (39)

where all the optical parameters would cancel except n and nas
the response, since it is also a function of wavelength. This would
give then

cross sectior 1 _ N ,/ninI

40
cross section 2 Neg/nonalo2 (40)
Taking this equatiorn and rearranging and substituting gy and P
for cross section 1 and cross section 2 respectively
n H“/Ion]cl 1)

n2  Nop/10M202
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where the following proportionalities hold

" * Ne1/Iom0 (42)
ng = N /1,500, (43)
In order to plot the calibration another factor, the so-cailed
nyé law", rust be taken into account. This is necessary since the
Raman shifts of the calibration gases differ considerably and the
wavelength dependence of the scattering must not be included in the
calibration curve. Then
n « Ncl.\:lllonlal (44)
ny « chlgzllonzoz (45)
The plots are then made for “2’“1 verses " where n; is calculated
for N, at the Raman shift for each excitation line. The quantity
nzln1 is called E(A), the efficiency of the optical system. The
calibration curves for the three excitation lines can be seen in
Figures 7, 8, and 9.
The efficiencies for the 4880% and 47278 1ines (shown in Figures
7 and 8) are straight lines with a negative slope, i. e. the
efficiency is increased as the wavelength decreases. However, for
the 45798 line the efficiency is no longer a straight line, but a
curve which has a maximum, ..en decreases as the wavelength decreases.
Since the efficiency takes into account the efficiency of the grating
and the sensitivity of the photomultiplier as well as other components,
a graph of their relative efficiencies as a function of wavelength
is shown in Figure 10. If the two curves are combined, the result is
a straight line for wavelengths down to approximately 49008, However,
then the photomultiplier sensitivity reaches a maximum and begins to

decrease. Thus while the efficiency curves of the 48808 and 47278



exciting wavelengths fall on the increasing side of both the photo-
multiplier sensitivity aud the grating efficiency, the efficiency
curve for the 45798 line hits a maximum and then a decrease in the
photomuitiplier sensitivity for a net decrease in sensitivity at the
lower wavelengthu.

Originally a calibration for the entire region of interest, using
all laser excitation lines was plotted. However, it was discovered
that the halfwave plate, which was coated for the 48808 line, de-
polarized all other lines to an indefinite extent. 7his made it
necessary to calibrate each excitation line separately.

The calibration gases chosen, that is 0,3, Nz. CHA and CHPZCI,
all have known cross sections and electronic absorption bands far
from the excitation lines used. Additionally, the vibrational bands
of the gases monitored were all Vi highly polarized bands. The
depolarization effects, therefore, were not significant.

Calculation of Cross Sections

After the calibration curves were plotted, the value of E()) could
be read from the graph for each of the gases run and at each excitation
line. Since each gas was run with either N2 or CH, as a standard, the

cross section was readily calculated from the experimental data. If

E(})) = n;zln1 (46)
where L is calculated for Nz. then
EMn, =n (47)
= 4
but y chhkl10n202 (48)
and
4
E(}) g ® NCZA.R/Ionzo2 (49)
The only unknown quantity in the above equation is o, and it is easily

2
calculated. The Raman intensities were measured with a plainmetey,

each peak was measured four times and the average taken. In the scans



of the Raman shifts each peak was scanned four times and each
by the laser power and the average taken as Nc,lo‘

The results of these calculations are listed in Table 1.
in experimental error the cross sections do not change as the

ation line approaches the electronic absorption band.

3
one divided

With-

excit-
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DISCUSSION

Qualitatively, the resonance Raman theory predicts intensity
enhancement for tiie Raman bands when the exciting frequency approraches
an electronic absorption band of the molecule in question. This

enhancement has a positive deviation from the v law which 1s
27+

-5 4 2
1 = 1
mn 32c4 0V guupo,mnl (50)

Where the exciting line is far from any electronic absorption, the v
is the overriding factor, since the “po e remains essentially constant,
»

However, when an electronic absorption band is approached, the “pa,mn

increases and finally becomes more important than the v&.
Experimentally then, one might sece little or no intensity

enhancement for Nzo or H,S whose electronic absorption bands lie

in the lower near ultraviolet region. However, SO, with an absorption

2
band around }BSOX, should show at least some positive deviation
from va although presumably not achieve maximum intensity until the
absorption band has been entered or at least closely approached
i. e. around 40003.

In this present experiment no pre-resonance was found for
NZO or HZS’ and in view of the remoteness of their electronic
absorption bands from the lowest exciting wavelength used (45798)
the result was not surprising. However, S0, with a band at 38808
was expected to show some pre-resonance intensity enhancement. This
was not the case.

According to previous expeﬁimantal data (1), some pre-resonance

\ 2
intensity enhancement should be seen at approximately 4,000 cm 1
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from the electronic absorption band. The calculations of these frequen-
cles are seen in Table 2 where Veg is the electronic absorption band
maximum in em™! and vo is the laser frequency, also in em=l, It can be
seen that the values for NjO and HyS are much greater than 4.000cm'1,
but for S0, the value lies in the proper range. Additionally, since
theory shows that aj; bands generally have the strongest intensity en-
hancement (1, 12, 13, 14, 15) the v; band, which is the aj symmetric
stretch of S0, was the band monitored. Since superficially the experi-
mental conditions necessary to observe pre-resonance enhancement have
been met, additional factors, perhaps involving the particular elec-
tronic transition, must have an essential influence.

Most of the previous experimental data concerned with pre-reso-
nance effect was acquired from ring compounds; i.e., aromatic molecules.
In these :ompoundc the allowed transitions all involve the in-plane
modes and are, in general, of A; symmetry. However, with 507 this is
not the case. Application of group theory to S0 gives the results
shown in Table 3. Since the v; band has the polarizability component
L. while the 3Bl+1A1 electronic transition has the transition moment
|ux | these would not couple as strongly as v3(by) perpendicula- band
which has the polarizability component a@,,. Additionally, the a; band
is parallel while the electronic transition is perpendicular. Perhaps
in view of this the vj3 band would show the resonance enhancement that
tié vy band failed to show. While admittedly a simplistic view, it
does correctly reflect the experimental evidence. Behringer (1),
using a different approach to what was essentially Shorygin's semi-
classical model suggested calculating effective absorption frequencies

by using
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£0) =& (T“'G!:- 2 (s1)
o

2 A
B ..~y
aQ, "Cgg - )2 o8 (52)

and by incorporating with these equations the intensity dependence

on v, to give

4 2 2.2 /
In® (vy = V) l(ueg - vo) (53)
4, 2 22 2 2.4
Imn « (“6 - v) (v'e8 + vo) /(veg - vo) (54)

This approach has been at least partially successful in fitting
experimental data to the theory. Calculations of the following are
seen in Table 4: the ratios of the experimental cross sections for
48802/45793, the ratio of v& for the same two lines and the same ratios
for S0, using equations(53)and(54) assuming Veg to be 3880R. The
ratios of the experimental cross sections are in agreement within
experimental error with the ratios of the fourth power of the Raman
frequencies. This shows essentially no deviation from the ﬁ,& law".
When using equation (53)the results are also in fair agreement with
the experimental values. However, the results for equation (54) have
a deviation that is larger than expected for experimental error which
seems to lend support to Behringer's suggestion that there could be
absorption bands that are non-active for resonance Raman. Although the
calculation involves gross simplifications, it does seem to point to
this possibility.

Bernstein, (3) while investigating the halogens, found resonance

Raman in all the halogens except Clz. However, C12 was the only

halogen not excited directly into the long wavelength side of its
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absorption band. Indeed, as seen in Table 2 “Eg - vi is small enough
for resonance enhancement to occur. Perhaps then, at least for
simple gases, pre-resonance enhancement does not occur or occurs only
weakly and that for a full resonance Raman effect the excitation line
must correspond nearly precisely with the correct vibronic frequency.

A more definitive test of the theories of the pre-resonance and
resonance Raman effect for SO2 would most certainly involve excitation
in the ultraviolet region. In Brand's study (8) of the 381+1A1
transition the 200-000 band was placed at 36338 which is only 58
away from the 36388 line of the argon ion laser. Additionally, the
300-000 band is placed at 35503. only 198 away from the 35118 1line.
Excitation at these wavelengths then should, if the theory is correct,
meet all necessary and sufficient conditions for resonance Raman to
occur. These conditions are: a highly structured electronic transition,
bands mentioned above among the most intense (see Figure 1), and the
v band of a, symmetry, predicted by all theories to show the most
intense scattering. In the excited state, 381, the vy vibration is

1 position in the ground state to 718 cm'l,

shifted from its 1151 cm
the difference in frequency shift presenting a gccd test of the state
observed in the resonance Raman effect.

It must be pointed out that although excitation in the ultra-
violet, especially at the ment {oned wavelength, would constitute an
excellent test of current theories of the resonance, it in general
would not add to the verification of any pre-resonance theories.

That is, what exactly happens as the absorption band is approached, but
not entered? For this case exciting wavelengths should ideally begin

where this experiment ended--at 45798 and work progressively to lower

wavelengths until the electronic band is entered.



FIGURE 1

ELECTRONIC ABSORPTION OF SO. AT 3400-39008 *
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FIGURE 2

ELECTRONIC ABSORPTION OF N,0 AT 2595-30658 *
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FIGURE 3
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ELECTRONIC ABSORPTION OF H_,S AT 1600-21008
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FIGURE 4

SCHEMATIC DIAGRAM OF THL EXPERIMENTAL CPTICAL SYSTEM
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FIGURE 5
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FIGURE 6

SCHEMATIC DIAGRAM OF THE GAS HANDLING SYSTEM

'_l nﬂl_l(' | D

MANOMETEPR

AIR

[ &8

TRAP 1

GAS CELL

111



CALIBRATTON CURVE OF OPTICAL SYSTEM EFFICIENCY AS A FUNCTION OF WAVELUNGTH FOR 48808 EXCITATION
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CALIBRATION CURVE OF OPTICAL SYSTEM EFFICIENCY AS A FUNCTION OF WAVELENGTH FOR 4727A EXCITATION
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FIGURE 10

RELATIVE ?FFICIENCY AND SENSITIVITY OF GRATING AND PHOTOMULTIPLIER AS A FUNCTION OF WAVELENGTH
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TABLE 1

Experimental Cross Sections

o

P 4880% cg/dxz 4727% ug/ch 4579A agloNZ [ 48803 Literature
o £ values of 05/0331

N, 6.748 X 10 ! {r.mexw® | 1 jamxwrR| 1

N,0 12.764 X 10731 | 1.89 [15.477 x 10731 |1.99 l17.377 x 10731 | 1.94 | (2.2) (2.7)

HyS 46.813 X 10731 | 6.94 [53.748 x 10731 | 6.90 }54.310 X 10731 | 6.05 | (6.6) (6.%4)

S0, 34.251 x 10731 | 5,08 [33.i58 r 10731 | 4.26 [50.374 x 10731 | 5.61 | (5.2) (5.5) (5.4)

*

*units are cm?/ster.-mol. ~'see J. D. Brand, ot.al., J. Mol. Spec.45, 404 (1973)

TABLE 2

Calculation of v -V
eg o

T *k
H,S N,0 S0, C1,

47, 619cm~1 32,626cm™1 25,773cm L 22,222cn™1
25,780cm™1 10,787cm™1 3,935::::\-1 1,236cm™ 1

*excitation 45798 for all except c1,

*k
excitation for Cljp 47658

8t



TABLE 3

C SYMMETRY GROUE
2v

39

-1
v (a]) 1151 cm

Ilband a__, o, a
zz' yy' “xx

vy (al) 517 cm™ !

y Qo0 Q@

||band « yy

ZZ XX

-1
va (bl) 1361 em

.l. band a

Xz

2 3
The electronic transition Bl(——'lAl is a_.Lband.

The transition moment 1slu I
X
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TABLE 4

Ratios of Experimental Cross Sections and Ratios of v"
X 0% 4 4 o
Molecule 4579A/4860A “45793#&880}\ Deviation

50, 1.471 1.31 +0.161
Ny0 1,31 1.36 -0.05
Hy8 1.34 1.16 +0.18

TABLE 5

Equations (53) and (54) for SO,

Equation Frequency Factor Inu14579R/mnl¢BBOR
Equation (53) (vow)"ﬁu%g -\:(2,)2 2,226

Equation (54) (vom) 4 (v, +v2 )2/"33 -v3)* 5.577
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APPENDIX

DIFFICULTIES OF THE ULTRAVIOLET EXPERIMENT

Originally, this experiment was to include excitation with the
two ultraviolet laser lines (36382 and 35112) available in the argon
ion laser. This part of the experiment presented immense difficulties.
Most of these were eventually solved, and only the low power of the
ultraviolet lines of the laser tube prevented conclusion of this part
of the experiment. This appendix has been included in the belief
that a discussion of the difficulties which were encountered and over-
come might have some value to future experimentalists.

Although the laser was purchased with an ultraviolet option
which makes available the power supply required to form the At2+ ion,
and the mirrors necessary for these wavelengths, the actual power of
the ultraviolet laser lines remained much too low., Atmospheric water
vapor trapped in the dust shields was found to be the principal cause
of the low power. The water vapor was removed by adding electrostatic
precipitators to the laser. This modification increased the power to
specifications level. However, water vapor and particles in the air
external to the laser cavity also presented a problem, since they
could absorb or scatter the ultraviclet radiation and reduce the
power reaching the sample. This loss was reduced to an acceptable
level by changing the experimental configuration of the entire optical
system to make the path the laser line travelled as short as possible.
Although these refinements raised the laser power reaching the sample
chamber to an acceptable level, the power in the sample chamber itself

remained too low., The mirrors absorbed rather than reflected the
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laser beam. (The coatings on the reflecting mirrors were found to
be improper for use with ultraviolet radiation.) After the mirrors
were properly coated, the laser power was sufficient in the sample
region to obtain a Raman signal.

In an attempt to get Raman spectra the problems of fluorescence
and Mie scattering became apparent. These two phenomena resulted in
excessively high background and large Mie scattering peaks. The
initial quartz gas sample cell fluoresced, and was replaced with
one made from fluorescence-free quartz., With the new cell, the back-
ground decreased considerably. The Mie scattering was predominately
a result of plasma radiation from the laser. Plasma radiation, while
also present with the visible lines, presented a very special problem
when using the ultraviolet lines, since the power of the ultraviolet
lines was so much less than the visible lines. The scattering from
the plasma radiation can be as intense as Raman scattering from the
excitation lines. The plasma radiation was reduced by placing a stop
just before the laser lines enter the multipass system. (See Figure'4.)
Since the plasma radiation is not coherent it radiates as ordinary
light; thus the farther from the source the more diffuse it becomes
and greater is the percentage which can be removed by a stop. This
addition proved to be an extremely successful method for removing the
background and Mie scattering pezks. Unfortunately, after all the ex-
perimental difficulties seemed to be overcome, the laser tube had to
be replaced, and the new tube had insufficient power in the ultraviolet

lines to complete the experiment.
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