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Inelastic photon scattering from I, vapor was observed to change from resonance Ra-
man scattering to resonance fluorescence as a single-mode argon laser was tuned
through the 5145-A gain profile, 3 orders of magnitude enhancement in the Stokes and
the first-overtone intensities were measured in going from resonance Raman scattering
to resonance fluorescence. The intensity distribution of the first 47 overtones is shown
for the laser frequency coincident with the 43 — 0 P(12) and 43 — 0 R(14) transitions of
B3H0u+—'X122g+. The resonance Raman cross section of I, compared with N, was found

to be 2.6Xx10°,

The fortunate coincidence of the 5145-A argon-
laser emission with several optical transitions of
I, vapor® [43 - 0 P(12) and 43 - 0 R(14) of B%I,,*
~X120g+] has stimulated investigations in the res-
onance fluorescence (RF) by using single-mode
laser excitation, tunable over the 5145-A Doppler
gain profile.>*® Studies of RF of I, vapor have al-
so been carried out by using multimode lasers!**:>
that have photon energies below the I, dissociation
limit. However, resonance Raman scattering
(RRS) from I, has been observed® ® only when the
laser photon energies are above the I, dissocia-
tion limit, Excitation into the absorption continu-
um complicates RRS theories,® "*! as one needs to
include both discrete and continuum states. In
this Letter, we report the first observation of
RRS in a gas below its dissociation limit.

Inelastic photon scattering from I, vapor was
observed to change from RRS to RF as the single-
mode argon-laser frequency was tuned through
the 5145-A gain profile. Associated with this
change from RRS to RF, the scattered intensity
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of the Stokes line and the first overtone was en-
hanced by 3 orders of magnitude. The cross sec- -
tion of I, in the resonance Raman case is found to
be over 6 orders of magnitude larger than the Ra-
man cross section of N, gas. Also associated

with the transition from RRS to RF, the spectrum
of the scattered radiation was observed to be
markedly different.

The transitions® from ordinary Raman scatter-
ing (ORS) to RRS, then to RF, and finally back to
RRS when the incident photon energy is above the
continuum limit, are of basic theoretical interest
in solids,'? liquids,'® and gases, as well as of
practical significance in the possible use of laser
backscattering for remote monitoring of air pol-
lutants.™ Since a significant amount of I, vapor
is liberated by marine organisms to the atmo-
sphere at the ocean surface, the presence of I,
vapor can potentially be used as an indicator of
marine bioproductivity.'®* Recently I, vapor has
been used as a resonance filter for Raman scat-
tering experiments’® and has been proposed as a
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frequency stabilizer of the krypton-ion laser.!”

The study of the I, molecule by optical spectro-
scopy has been extensive.!''®"2! The intensities
of the vibrational overtones serve as sensitive
tests for the Rydberg-Klein-Rees (RKR) potential
and the Franck-Condon principle.?? In view of
this, we have measured the intensity distribu-
tions of the first 47 overtones in the I, vapor as-
sociated with transitions from V’/=43 to V" =n
(n=1 to 47) of B°Il,," - X'Z,*, by tuning the sin-
gle-mode laser within the absorption lines of 43
-0 P(12) and 43 -0 R(14). Previous workers®
used a 5145-A multimode argon laser, and the in-
tensity distribution of only the first 15 overtones
was given.

The experimental arrangement consists of the
conventional 90° scattering geometry, Spex dou-
ble monochromator, RCA GaAs photomultiplier
C31034, and photon-counting electronics. A 300-
mW multimode argon laser was converted to a
tunable single-mode laser by placing a tiltable
etalon into the cavity?® and mounting the front
mirror on a piezoelectric translator. The single
mode was monitored by an optical spectrum
analyzer. The air within the I, optical cell was
evacuated to less than 1 mTorr, while the I, va-
por pressure at room temperature is about 250
mTorr.

The changes in the scattered intensity of the
Stokes line (Av=213 cm™) as the single-mode
laser frequency was tuned through the 5145-A
Doppler gain profile are shown in Fig. 1. Qualita-
tively, this curve is similar to that reported by
Kroll and Swanson® for the second Stokes line.
Our results extend over much larger intensity
range and are corrected for the incident beam’s
attenuation through the I, cell, The larger inten-
sity peak in Fig. 1 denoted by A coincides with
the absorption maximum associated with elec-
tronic transitions from 43 -0 P(12) and 43 -0
R(14) of B’l,,* - X'Z,;*. The smaller peak de-
noted by C coincides with a much weaker absorp-
tion associated with the 45- 0 P(64) transition,®

The distinction between RRS and RF can be
made by observing the quenching effect of foreign
gas on the scattered intensity.® Since RF involves
real transitions, the scattered intensity should
decrease inversely as the linewidth of the states,
and thus with foreign gas pressure, which causes
more collisions. RRS involves virtual transitions
to nearly resonant states and thus is not affected
by the collision-broadened linewidth. With this
in mind, the quenching effect of air on the I,
emission was investigated at points A and B of
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FIG. 1. The relative intensity of the fundamental
Stokes band (Ar=213 cm"!) as a function of laser fre-
quency. The vertical axis is the total phototube signal
minus the dark current with the spectrometer slits
equal to 34 cm™ !, Absorption correction has been made
for the laser light but not for the scattered light, The
horizontal axis is the mode number within the 5145-A
argon-laser Doppler profile. The mode separation is
about 115 MHz, Both short- and long~term drifting of
the mode makes accurate frequency determination im-
possible and causes some distortion of the line shape
of the above curve,

Fig. 1, and the difference was striking. Pro-
nounced quenching of the scattered intensity was
observed at point A. The quenching of the Stokes
intensity followed the Stern and Volmer?* equa-
tion with 1.8 Torr™ as the apparent quenching
constant for air on I,, which is at its room-tem-
perature vapor pressure. Because of the ob-
served quenching, we label the scattered radia-
tion at point A as resonance fluorescence. In
contrast, at point B virtually no quenching of the
scattered intensity was observed. This result
led us to label the scattered radiation at point B
as resonance Raman scattering.

According to Holzer, Murphy, and Bernstein,®
the depolarization ratios of RF and of RRS should
be different. In particular, the scattered radia-
tion for RF should be depolarized, whereas for
RRS polarized radiation is expected. We found
that at both points A and B the scattered radia-
tion was depolarized (p=20.8). This observation
is not inconsistent with the previous assignment
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of point B as RRS. At point B the laser photon
energy is only a few gigahertz away from the V'’
=43, J'=11 and V’'=43, J’'=15 levels. From the
uncertainty principle, the lifetime of these virtu-
al transitions is on the order of 107° sec, while
the rotational time is of order 107! sec. Under
such nearly resonant conditions, I, can undergo
many rotations, as in the RF case, before re-
emitting. Thus, RRS can be depolarized if the
incident photon energy is very nearly resonant.
The condition that RRS be polarized® is true only
when the virtual-transition lifetime is short com-
pared to the molecular rotational time. Above
the dissociation limit, the Stokes line and first
overtone of RRS had p much less than 0.8.5% In
the absorption continuum, the intermediate state
involved a continuum of states, causing the re-
emission time to be much shorter than the rota-
tional time.

The line shapes of the scattered spectra when
excited at points A and B of Fig. 1 were observed
by us to be different in two ways. First, excita-
tion at point A causes the scattered spectrum to
contain a series of small, broad bumps (see Fig.
4 of Ref, 15), which can be attributed to the excit-
ed I, molecule having undergone a series of in-
elastic collisions with other I, molecules prior to
reradiation. The wave-number separation of
these bumps is that of the vibrational spacing in
the excited state. At point B, these bumps disap-
pear. This is reasonable, since for RRS scatter-
ing, the virtual-transition lifetime is short com-
pared to the collision time of I, molecules at 250
mTorr. Second, the individual line shapes of the
overtones differ for excitation at points A and B.
The two transitions 43 -0 P(12) and 43 -0 R(14)
in the neighborhood of point A give rise to two
fluorescence doublets, which overlap to form a
triplet.® With increasing overtone order, the
triplet spreads out because the individual doublet
separation increases as Av =(4J" +2)[B,” +a,"(V"
+1)] with J’=~15. At point B, in addition to the
two doublets, another doublet which arises from
a transition at point C [45—~0 P(64)] is added.
This doublet spreads out much faster than the
previously mentioned doublets, because of its
large J’ = 63.

Zare?? has noted that the intensity distributions
of the overtones serve as sensitive tests for the
RKR potential and Franck-Condon overlap inte-
grals, especially for lines with V# 210. For high
vibrational levels in the upper and lower electron-
ic states, the wave functions are rapidly varying
oscillatory functions, and thus the overlap inte-
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FIG. 2. The relative intensities of the overtones mea-
sured with 84-cm™? spectrometer slits, No correction
has been made for the self-absorption of scattered ra-
diation through a 5-mm path length of I, at 250 mTorr.
The absorption coefficients for the fundamental and
first five overtones yield (Ref. 5) corrections varying
between 1% and 13%. The lines connect the even over-
tones together and the odd overtones together. The 38th
overtone was missing (<0,001). The 47th was observed,
but its relative intensity could not be determined accu-
rately. The solid triangles were measured when the
laser was at point B, while the solid circles were mea-
sured when the laser was tuned to point A4 of Fig, 1.

grals depend critically on the phase relation of
the initial and final wave functions. Displace-
ment error of only +0.002 A in the potential mini-
mum can cause gross changes in the intensity
distribution. We have measured the intensity dis-
tribution up to the 47th overtone when the laser

is tuned to point A. In Fig. 2, one notes that the
intensities of the even and odd overtones alter-
nate. Our results agree well with those of Kur-
zel and Steinfeld,® who used a multimode laser to
observe the first five overtones. Using a multi-
mode excitation, the scattered radiation is main-
ly due to RF (see Fig. 1). Also shown in Fig. 2

is the intensity distribution for RRS (laser tuned
to point B of Fig. 1). Beyond V” =10, the over-
tone linewidth became comparable to our spec-
trometer slit width (34 cm™). Previous works
using photographic plates and nonlaser excitation
are quoted in Zare®® for V' =26 to V”=n (n=0 to
39).

The possibility of using laser Raman backscat-
tering for remote detection of air pollutants has
stimulated interest as to the orders of magnitude
of enhancement in the scattering cross section
by going from ORS to RRS and RF. We have com-



VOLUME 29, NUMBER 9

PHYSICAL REVIEW LETTERS

28 AucusT 1972

pared the Raman cross section of gaseous N,,
which exhibits only ORS at 5145 A, to the cross
section of I, vapor (V=0 initial state) at the res-
onance Raman condition (laser tuned to point B
of Fig. 1). The ratio of the RRS cross section of
I, to that of N, was measured to be 2.6 X10°%. An
enhancement of 10° by RRS is encouraging, es-
pecially since we have observed that RRS is hard-
ly (less than 2 times) quenched by air. Conse-
quently, resonance enhancement of the scattering
cross section of pollutant molecules in the atmo-
sphere is exceedingly worthwhile.

The differential scattering cross section from
the initial I, state ¢ (defined as zero energy), plus
the incident photon w,, through the intermediate
state m (V’=43), to the final state f, plus the
scattered photon w,, may be described by a
Breit-Wigner formula?s;

i L) 12 1ml f)12T o
0 (E,~fiw,)? + 1-\2/4ad ’ 1)

where |¢|m )12 and |(m|f)|? are Franck-Condon
factors. The total width I" is the sum of collision
(T',), quenching (I')), and radiation (I',y widths.
At point A of Fig. 1, we have E,,—#w, =0 and,
upon appropriate integration of Eq. (1) over the

I, Doppler profile, one obtains the I'"! quenching
dependence, leading to the Stern-Volmer equa-
tion. At point B of Fig. 1, we have E, —liw, > T/
2, and thus the cross section should not be
quenched, as we have observed.

The intensity distribution of the overtones (at
point A of Fig. 1) is a relative measure of I(m|f)|?
with f=1 to 47. The even and odd overtone inten-
sities are expected to alternate as shown in Fig.
2. At point B, even though one is in the RRS
case, the overtone distribution is still due to this
Franck-Condon factor. In general, RRS can in-
volve a summation (integral for Zw, above dis-
sociation limit) over nearby intermediate states
Im) in Eq. (1). This will tend to smooth out the
overtone distribution.®

The large depolarization ratio observed at
points A and B of Fig. 1 is consistent with the
fact that only two intermediate rotational states
should be considered in Eq. (1). The summation
or integration over many rotational states (for
the general RRS case) will lead to polarized scat-
tered light, as a result of closure. Further elab-
oration of our experimental results with theory

will be presented in a forthcoming paper.
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