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General Introduction 

The characterization of laser excited resonance 
emission from electronically excited states as either 
resonance Raman scattering (RRS) or resonance flu- 
orescence (RF) has long been a subject on considerable 
interest and controversy. Resonance here refers to laser 
wavelengths which are coincident with electronic ab- 
sorptions of the material. Determining which of these 
emission types one is viewing is essential in order to 
properly extract structural and dynamical information 
from these observations. Despite the long history and 
significant number of treatments discussing the char- 
acterization of resonance emission as RRS or RF, 
questions still arise about this tissue. The purpose of 
this Account is to provide a few simple experimental 
examples which clearly illustrate those parameters 
which control the distribution of excited-state energy 
into these two categories of resonant emissions. 

Resonance Emission Definitions. Different types 
of spontaneous emissions may appear when laser light 
impinges on a sample, depending upon the excitation 
wavelength. If this radiation falls in a region of optical 
transparency, Raman scattering can be observed. The 
difference between the incident and emitted frequencies 
corresponds to inelastic ground electronic state tran- 
sitions, the observed spectral bandwidth is determined 
by (ro)vibrational relaxation parameters, and the 
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emitted frequency tracks with the incident frequency. 
However, when the excitation falls in a region of 
electronic absorption, a more complicated emission 
spectrum may appear, in general. Some emission 
features continue to track with the incident light and 
in all respects are Raman-like (RL), as defined above, 
while other emission features appear to originate from 
those excited-state molecular levels resonant with the 
incident excitation. These features remain fixed in 
emission frequency as the excitation is tuned in the 
vicinity of the electronic resonance and correspond to 
energy level spacings between the excited and ground 
electronic states. The width of these bands is generally 
broader than the RL bands and corresponds to elec- 
tronic relaxation parameters. Such properties describe 
fluorescence-like (FL) character. These two phenom- 
enologically defined resonance emission components 
(RL and FL) comprise what we will refer to here as the 
resonant secondary radiation (RSR) spectrum. This 
resonance emission is meant to be differentiated from 
the more common, fully relaxed fluorescence which 
results from a population equilibrated in all but 
electronic degrees of freedom with its environment. 

Brief Historical Perspective. The resonance 
emission of diatomic vapors was observed as early as 
1906.' However, with the advent of tunable laser 
sources for excitation, the RSR of gases, liquids, and 
solids could be observed as a function of a larger incident 
frequency range and under a wider variety of experi- 
mental conditions. In the 1970s and early 1980s the 
assignment of RSR as resonance Raman scattering 
(RRS) or resonance fluorescence (RF) of some mixture 

(1) Wood, R. W. Philos. Mag. 1906, 12, 499. Wood, R. W.; Hackett, 
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was the subject of extensive study and controversy.2-21 
Various predicted aspects of the distinction of RSR 
emission as RRS and RF were critically examined in 
several experimental studies. These included the 
analysis of the resonance emission of atomic vapors,7J3 
I2 vapor,4 azulene in a naphthalene crystal,1° and 
complex biological m o l e c ~ l e s . ~ J ~ J ~  More recent ob- 
servations of RSR of molecules in solution have been 
shown to be probes of ultrafast solution  dynamic^.^^-^^ 

Theoretical Background. A brief theoretical in- 
troduction is necessary in order to appreciate those 
molecular and experimental parameters that control 
the partition of RSR into RL and FL features and may 
also help reveal how some confusion over the use of the 
RRS vs RF labels has persisted. In general, a quantum 
statistical density matrix formalism is the most con- 
venient and useful framework for the description of 
RSR.3JP17 This theoretical approach properly captures 
all of the material relaxation pathways that are not 
included in a simple (second order) perturbation theory 
(Kramers-Heisenberg) description particularly neces- 
sary for condensed-phase  system^.^^^^^ 

For the purposes of this review, we succinctly 
summarize theoretical expressions (the so-called fast 
modulation limit of the general stochastic mode116J7) 
below for the molecular energy level system pictured 
in Figure 1. The emission intensity appearing at 
frequency v, due to RSR transitions which originate in 
level i and terminate in level f of the ground electronic 
state, excited by monochromatic excitation at v1, can be 
given as the sum of three terms:1P16 

IRSR(v1,vs) = IRRS(vI,vs) + IRF(vl,vs) + ImiX(vpv,) (1) 
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Figure 1. Molecular energy level diagram defining the resonant 
secondary radiation process: i and f are molecular levels belonging 
to the ground electronic state; e and e’ are molecular levels 
belonging to the excited-state manifold; y and vI are the incident 
laser and emitted frequencies, respectively. 

I. 

(vei - v1 + iI’ei)(ve,i - v1 - 

J (3) 
1 + I vet - V, + ire, vfe, + vS + ire,, 

( ilrl,,le) is the i - e transition moment along the space 
fixed direction of the incident (scattered) electric field 
polarization vector, vfi etc. correspond to the frequency 
spacing between levels f and i, and Pi is the initial 
population of level i. 

The key parameters controlling the distribution of 
RSR into RL and FL features are the relative values 
of the phenomenological material relaxation rates, r, 
f ,  and y. rab ,  the so-called total dephasing rate, 
represents the damping or decay of the phase coherence 
of the a, b pair of system levels created by the light field 
interaction(s). Within the framework of the density 
matrix approach, the phase coherence of these two 
radiation coupled levels can be destroyed by population 
(intramolecular) decay, i.e., lifetime effects, or pure- 
dephasing (intermolecular) interactions, Le., collisions 
or solvent fluctuation effects: 

(4) 

y a  and y b  are the inverse lifetimes of states a and b and 
represent the decay rate due to all possible inelastic 
events such as radiative or nonradiative decay, pho- 
todissociation, etc. r a b  is the environmentally depend- 
ent pure-dephasing rate due to quasi-elastic events that 
are not associated with the transfer of population such 
as quasi-elastic collisions with the solvent. Such events 
may be viewed as bath-induced fluctuations of the 
transition energy Yab. Furthermore, these relaxation 
rates are directly related to observed vibrational or 

= ‘/2(ya + yb)  + fa, 
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electronic line widths. The expressions in the rounded 
brackets in eqs 2 and 3 represent vibrational and 
electronic Lorentzian line shapes with half-widths at 
half-height (HWHH) of r, and ref, respectively. 

The observable is IWR, and the formal partition into 
components, here given as the sum of three terms (eq 
l), is not unique. The separation of RSR exclusively 
into two positive definite, physically distinct RRS and 
RF intensities is not possible, in general, due to the Imix 
term.14J6 However, the separation given above has the 
appeal that IRW corresponds to the standard Kramers- 
Heisenberg (KH) perturbation theory expression and 
is characterized by an emission spectrum which has 
bands at  the ground electronic state Raman frequencies 
(v, = V I -  vfi) and tracks with the excitation wavelength 
v1. The IRF term, in contrast, has an emission spectrum 
peaked at frequencies corresponding to spacings be- 
tween (ro)vibronic levels of the excited and ground 
electronic state (u ,  = v,f) and is independent of the 
excitation wavelength. These are the phenomenological 
characteristics that define Raman-like and fluorescence- 
like features, respectively, as discussed above. Fur- 
thermore, the RSR partition given in eqs 1-3 emphasizes 
the crucial role that pure-dephasing plays in controlling 
the RSR line shape. When the time scale of electronic 
pure-depha@ng is slow compared to electronic lifetime 
decay, Le., r e i  << ye, IRF and Imix are inconsequential 
and the RSR is all RRS (see eqs 1-3). 

The Imix term, not explicitly given here, is of mixed 
character in that it contains both Raman (v, = V I -  v d ,  
and fluorescence (v, = v,f) r e s o n a n c e ~ . ~ ~ J ~  This term is 
not positive definite at  all emission frequencies, which 
underscores how this separation of RSR into RRS and 
RF does not, in general, correspond to independently 
observable phenomena. However, the I,k term is 
generally much weaker than the other components, and 
is typically of the order of the ratio of a vibrational to 
electronic line width (I?dI',f) at = vl - vfi, and here, 
as in all treatments of RSR, will be ignored. However, 
it should be appreciated that the separation of RSR 
into the sum of I w  and IRF only is, at least formally, 
an approximation. 

Theoretically, different conclusions are reached con- 
cerning the distinction between RR and RF when the 
molecule is postulated to be a two-level, three-level, or 
multilevel system or when the Raman line width is 
neglected. For example, treatments of two-level sys- 
tems or those which assign the Raman transition a 6 
function line width have no "mixture" term (I&, and 
thus the RSR line shapes can be exactly separated into 
two positive definite RRS and RF i n t e n s i t i e ~ . ~ * ~ J ~ J ~ J ~  
Furthermore, a multilevel (>3-level system) description 
is necessary in order to capture all possible RSR line 
shapes and distinctions between RRS and RF. 

However, the key result common to all these theo- 
retical descriptions is that pure-dephasing must be 
present in order to a observe a redistributed emission 
feature corresponding to resonance fluorescence. In 
the absence of pure-dephasing the RSR spectrum is 
given by I R ~  alone, the Kramers-Heisenberg (KH) or 
"isolated molecule" result. 

Equation 1 and the discussion so far have been given 
with the assumption that the incident radiation is 
perfectly monochromatic (infinitely narrow band- 
width). However, pure-dephasing may arise from 

stochastic fluctuations of the incident laser excitation 
fields (radiation-induced pure-dephasing),51~*1~9~~~-~ as 
well as from material-based pure-dephasing (MPD) 
mechanisms, i.e., collisions. In other words, solvent- 
induced electronic energy gap fluctuations for a fixed 
incident frequency will produce pure-dephasing effects 
analogous to those due to fluctuations in the incident 
radiation field itself for a fixed electronic energy gap 
(vide infra). 

I. Partition of RSR into RRS and RF: The 
Effects of Material-Induced Pure-Dephasing 

In this section we consider the RSR excited by 
monochromatic, i.e., perfectly coherent, incident ra- 
diation. This corresponds to the commonly encoun- 
tered situation where the laser bandwidth is narrower 
than the homogeneous width of the resonant absorption 
band (rei). 

A. Resonant Secondary Radiation of Methyl 
Iodide: No Pure-Dephasing. The X(A) - B(E) 
absorption spectrum of methyl iodide vapor (202-190 
nm) exhibits only diffuse vibronic absorption features 
due to the rapid photodissociation to CH3 and I atoms.30 
A RSR spectrum excited at  201 nm, which is resonant 
with the electronic origin, is shown in Figure 2. The 
sample is a stream of Nz at  ambient pressure containing 
<1% of CH31, and the excitation bandwidth is <1 cm-l. 
This RSR spectrum (Figure 2) is unequivocally a RRS 
spectrum, i.e., all RL. The phenomenological basis for 
this assignment is summarized below: 

1. The spacing between the laser frequency and the 
strongest emission feature corresponds to the known 
ground-state frequency of the totally symmetric u2 
methyl umbrella mode at  1250 cm-l. As the excitation 
is tuned, the peak position of this band tracks at  
constant energy displacement from the excitation 
frequency. 
2. The observed RSR line width is <1.6 cm-l (Figure 

2 insert) after the instrumental band pass is decon- 
volved. If the RSR spectrum was predominately RF 
in character, this line width would correspond to the 
electronic dephasing width, ref (as an upper limit). Such 
a narrow line width would result in a sharply structured 
absorption spectrum due to rotationally resolvable 
features. This stands in contrast to the observed diffuse 
vibrationally resolved X(A) - B(E) spectrum.30 

3. A best-fit to theory of the observed polarization 
character of the RSR as a function of excitation 
wavelength is accomplished only for a RRS treatment 
of this resonance emission and determines the excited- 
state lifetime to be 0.5 f 0.1 ps, corresponding to an 
electronic homogeneous width, rei, of 5 f 1 cm-1.30931 
The polarization of the RL component is a sensitive 
function of the total electronic dephasing rate (rd when 
this relaxation time scale falls between that of a 
vibrational (-50 fs) and that of a rotational period 
( -5  ps).3633 

(28) Zhang, Y. P.; Ziegler, L. D. J. Chem. Phys. 1990,93,8605. 
(29) Li, B.; Myers, A. B. J. Chem. Phys. 1991,94,2458. 
(30) Wang, P. G.; Ziegler, L. D. J. Chem. Phys. 1989,90,4115; 1991, 

(31) Ziegler,L. D.;Chung,Y. C.; Wang, P.;Zhang,Y. P.J.  Chem.Phys. 

(32) Myers, A. B.; Hochstrasser, R. M. J.  Chem. Phys. 1987,87,2116. 
(33) Li, B.; Myers, A. B. J.  Chem. Phys. 1988,89,6658. 

95, 288. 
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Figure 2. Resonance raman spectrum of CHJ vapor (ambient) excited at  201.2 nm (bandwidth < 1 cm-1). The inset shows the width 
of the vp band before (after) deconvolution of the spectral bandpass. 
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Figure 3. Pressure dependence of the RSR line shape of methyl iodide in methane excited at 201.11 nm. 

4. The mean collision time for methyl iodide in 1 
atm of Na is of the order of 100 ps, which is much slower 
than the -0.5-ps lifetime decay due to the excited- 
state photodecomposition. 

These observations establish that this RSR spectrum 
of methyl iodide vapor is entirely RL. The excited- 
state lifetime of 0.5 ps is much faster than either 
material-based - 100 ps) or radiation-based (- 10 
pa) pure-dephasing time scales. Consequently, all the 
spectral features are given by IRRS (eq 2), the KH 
perturbation result alone (or its Fourier-transformed 
time-domain equivalent). 

B. RSR of Methyl Iodide: The Effects of MPD 
(Collisions). When methyl iodide vapor is mixed with 
high pressures of a background gas, the observed RSR 
line shape becomes more complex and reveals a FL 
component. The RSR spectra of CHBI ( -5  Torr) mixed 

with various pressures (0-50 atm) of methane excited 
at 201 nm is shown in Figure 3. A feature whose width 
is pressure dependent and broader than the RL bands 
described above increases relative to the sharp RL 
feature as the bath (methane) pressure is increased. 
The narrow RL band continues to track with the 
excitation wavelength while the broader pressure de- 
pendent component remains at a fixed emission wave- 
length as the excitation is tuned through the B-state 
absorption band (see Figure 4). These are the phe- 
nomenological characteristics which differentiate a RL 
component from one clearly identifiable as RF. The 
relative intensity of the FL band to the RL band as a 
function of material pure-dephasing rate, Le., methane 
pressure, increases as P m e t b e  increases (see Figure 5). 
These observations are in agreement with the predic- 
tions of theory (eqs 2 and 3). 
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Furthermore, polarization characteristics also serve 
to differentiate the pure-dephasing induced component 
(FL) from the resonance scattering term (RL) as 
illustrated in Figure 5. The FL band has a depolar- 
ization value, p (where p = 11/111), which exhibits only 
a mild pressure dependence, varying from -0.7 to -0.8 
over the indicated pressure range ( P m e f i a e  I 70 atm). 
In contrast, p for the narrow RL feature is strongly 
pressure dependent over the same pressure range and 
decreases monotonically until reaching an asymptotic 
value of -0.12 for methane pressures greater than -30 
atm. The RRS depolarization ratio is dependent on 
the total electronic dephasing r ~ i e . ~ l  Thus as the 
collision-induced pure-dephasing (rei) contribution to 
r e i  increases (increasing Pmethane), the depolarization 
ratio for the narrow RL band drops from 0.62, its ye 

(isolated molecule or P m e t b e  = 0) determined value, to 
0.125, a limiting symmetry determined value. In 
contrast, the depolarization ratio of the FL band (see 
eq 3) depends on the excited-state lifetime, ye, which 
remains essentially constant as the methane pressure 
increases. 

These observations demonstrate the crucial role the 
pure-dephasing time scale, here due to quasi-elastic 
collisions with the “solvent” (methane) molecules, plays 
in redistributing RSR into RL and FL components. 
These emission components are characterized by line 
widths determined respectively by ground (rfi) or 
excited (ref) electronic state dephasing rates. In the 
absence of MPD only a RRS term is observed. The FL 
band intensity and width scales with the pressure 
(Figure 5 and eq 3) and thus can be used to determine 
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pure-dephasing r a t e ~ . ~ ~ l ~ ~ , ~ ~ , ~ ~ , ~ ~ , ~ ~ - ~ ~  Furthermore, the 
RL and FL polarization are functions of different 
excited state relaxation parameters. 

11. Partition of RSR into RRS and RF: The 
Effects of Radiation-Induced Pure-Dephasing 

For the CHJ example !iscussed above, all the 
electronic pure-dephasing (rei) is attributed to quasi- 
elastic collisions, i.e., material-induced pure-dephasing 
(MPD). However, when the finite bandwidth of the 
incident radiation approaches that of the molecular 
resonances of the sample, RSR line shapes may become 
more complex and the nature of the emission may be 
altered as a result of the additional dephasing time 
scales and electronic coherence loss mechanisms in- 
troduced by the stochastic phase and amplitude fluc- 
tuations of the incident radiation.19v22-27,28 

In order to demonstrate these radiation-induced pure- 
dephasing (RPD) effects, we have examined the RSR 
of 0 2  excited both by narrow and by broad band 
radiation in the region of the Schumann-Runge (X 32g- - B 32,-)  absorption s y ~ t e m . ~ ~ ~ ~ ~  This absorption 
system consists of a series of weakly absorbing discrete 
vibrational bands (201-180 nm) which converge to a 
strongly absorbing continuum region ( A  < 175 nm). 
Rapid excited-state 0 2  photodissociation broadens the 
discrete rovibrational absorption features (Figure 6). 

A. Coherent (Monochromatic) Excitation. A 
portion of the RSR spectrum of 02 (- 1 atm) is shown 
in Figure 7 for two excitation wavelengths, 192.54 and 
193.24 nm (bandwidth I 1 cm-l), resonant with the 
overlapped P(7)R(9) and P(17)R( 19) rovibronic features 
of the X(u=O) - B(u'=4) absorption band (see Figure 
6). Each vibrational transition in these RSR spectra 
exhibits a triplet rovibrational structure with frequen- 
cies corresponding to well-known rovibrational energy 
spacings of 0, Q, S rovibrational Raman transitions on 
the ground state surface. This AN = 0, *2 (0, Q, S) 
structure is due to resonance with the overlapping AN 

(34) Zhang, Y .  P.; Ziegler, L. D. J. Phys. Chem. 1989, 93, 6665. 

iodide vapor 

6.1 4 ,o 

Figure 6. Absorption spectrum of 02 in the region of the v' = 
4 band of the Schumann-Runge system. The molar extinction 
coefficient a t  the peak of the strongest rovibronic feature is -3 
L mol-' cm-I. The dashed line is the Gaussian spectral density 
of an ArF excimer laser (-120 cm-l FWHH). 

= f l  (P and R) rovibronic X -+ B absorption bands. 
When excitation profiles of these rotationally specific 
RL features are analyzed as resonance Raman inten- 
sities, excellent fits to theory are obtained for rovibronic 
specific homogeneous line widths of - 4 cm-l for the u' 
= 4 B state level.% These widths correspond to lifetimes 
of -1.2 ps, which are faster than the mean collision 
time of 0 2  at 1 atm and were independent of pressure 
at experimental conditions (0.5-3 atm). Furthermore, 
observed p values are only consistent with a RRS 
assignment. Thus, the RSR of 02 at these experimental 
conditions is unequivocally RRS. 

B. Incoherent (Finite Bandwidth) Excitation. 
A convenient source of broad band or partially coherent 
radiation coincident with the Schumann-Runge ab- 
sorption system is the output of an ArF excimer laser. 
This radiation has a near Gaussian spectrum with 
FWHH = 120 cm-l centered at  193.4 nm and overlaps 
the u' = 4 SR absorption band (see Figure 6). The ArF 
laser excited RSR spectrum of 0 2  has a dramatically 
different and more complex rovibrational band struc- 
ture than that due to coherent (narrow band) radiation 
(see Figure 8). The simple 0, Q, S triplet Raman 
structure is no longer observed, and the separations 
between spectrally resolved emission peaks do not 
correspond to ground-state rovibrational transition 
frequencies in the ArF excited spectrum. Instead the 
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Figure 7. The uff = 6 region of the resonance Raman spectrum 
of 02 (1 atm) excited at 192.54 and 193.24 nm with coherent 
radiation (x1-cm-I bandwidth). Rovibrational Raman assign- 
menta are indicated. 

observed RSR emission frequencies correspond to 
B(u’=4) - X(u”) P and R rovibronic fluorescence 
transition energies for emission bands with ut’ > 5. The 
nature of the RSR has changed from RRS to RF when 
the excitation source is changed from narrow ( I 1  cm-l) 
to broad band (120 cm-l) with respect to the homo- 
geneous line width of the resonant excited electronic 
level, rei. This is -4 cm-l, as discussed above, in this 
region of the SR absorption system. The RF originates 
from those molecular levels which overlap with the ArF 
bandwidth (see Figure 6) and have observed RSR line 
widths of -4 cm-’ corresponding to the electronic 
absorption line width (rei = ref). Furthermore, the 
change from RL to FL character as the incoherence of 
the excitation is increased is revealed in the polarization 
as well as the RSR frequencies and band shapes.28 

In contrast to the unequivocal FL character of the u” 
> 5 bands in the 02 RSR spectrum, rich rovibrational 
structure unlike either the RL bands or the FL bands 
is observed for the u” = 2 to u” = 5 bands (Figure 8). 
The observed peaks do not correspond to energy 
spacings between rovibrational levels on the ground 
state (RL) X(u=O) - X(u”=4) nor between rovibronic 
levels of the B(u’=4) - X(u”=4) transition (FL). This 
complex RSR line shape results from interferences 
between resonant (FL) and near-resonant (RL) elec- 
tronic sources of RSR cross section due to the RPD 
effects of the broad ArF excitation.% This sign-carrying 
interference contribution is inconsequential for coher- 
ent or narrow band excitation. The relative strength- 
ening of near-resonant terms as the incoherence of the 
incident radiation is increased occurs because all the 
Fourier components within the excitation bandwidth 

contribute to the near-resonant RL component, whereas 
only the resonant Fourier components contribute to 
the FL component. Hence as the excitation band width 
is increased, the near-resonant RL contribution to the 
RSR band shape increases relative to the FL compo- 
nent. Thus, this example highlights that the RSR line 
shape is in general complex, depends on the time scales 
of the stochastic interventions, which in this case are 
due to the excitation fields themselves, and may not be 
separable into two positive definite RL and FL quan- 
tities. 

Concluding Remarks 

The CH31 and O2 resonance emission studies de- 
scribed here unequivocally demonstrate the central role 
pure-dephasing, i.e., collisions or spectral incoherence, 
plays in defining RSR as a resonance Raman or 
resonance fluorescence type of emission. Fluorescence 
features can only be observed when electronic pure- 
dephasing rates are as significant as or greater than 
population decay time scales. These stochastic inter- 
actions can arise from either bath (MPD) or radiation 
fluctuations (RPD). The notion of collision free flu- 
orescence is an oxymoron, unless the excitation band- 
width exceeds the electronic homogeneous width. Once 
a given spectroscopic basis is chosen, the phenomena 
presented here illustrate that the notion that this RRSI 
RF distinction is semantic or just an issue of nomen- 
clature is incorrect. 

The phenomenon known as single-vibronic-level 
(SVL) fluorescence35 probably deserves more care in 
the use of this nomenclature and, possibly, in the 
analysis of the properties of such dispersed spectra. As 
illustrated here, “SVL fluorescence” is RRS unless the 
collisional width of the electronic resonance or the 
excitation bandwidth is greater than that due to lifetime 
decay of the resonant electronic state. Laser-induced 
fluorescence (LIF) is another term widely used in 
experimental physical chemistry that likewise could 
be used less generically. The nature of the resonance 
emission as Raman or fluorescence is dependent on 
experimental conditions. In particular, “LIF” obser- 
vations of dispersed emission of species in a molecular 
beam (i.e., collisionless) may be RRS, which could, in 
principle, affect structural information based on spec- 
tral assignments. The ArF excited oxygen spectrum 
discussed here is an extreme example of such an effect. 
In fact, it may not be too provocative to state that the 
ArF-excited RSR spectrum of 02 is the first unequivocal 
example of true laser-induced fluorescence, LIF. As 
demonstrated here, it is clearly the pure-dephasing 
effects of the excitation laser that induce the fluores- 
cence character to appear. 

The correct identification of RSR as RRS or RF must 
be made in order to properly extract information about 
chromophore and bath dynamics from these steady 
state emission observations. Although the RSR dis- 
cussion has been presented here in the context of 

(35) Rordorf, B. F.; Parmenter, C. S. J. Mol. Spectrosc. 1978,69,365. 
(36) Heller, E. J. Acc. Chem. Res. 1981, 14, 368. 
(37) Ziegler, L. D. J. Chem. Phys. 1987, 86, 1703. 
(38) Ziegler, L. D.; Chung, Y. C.; Wang, P. G.; Zhang, Y. P. J. Phys. 

Chem. 1990,94, 3394. 
(39) Chung, Y. C.; Ziegler, L. D. J. Chem. Phys. 1988, 89, 4692. 
(40) Campbell, D. J.; Zieder, L. D. J.  Chem. Phys. 1993,98,150; Chem. 

Php .  Lett. i993,201, 159.- 
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Figure 8. ArF excimer laser (193.4 nm, 120-cm-l bandwidth) excited resonant secondary radiation emission bands of 02 in regions 
o f  0’’ = 3, 4, 6, and 7.  Rovibronic fluorescence assignments are indicated. 

frequency domain descriptions, the time domain wave- 
packet formulations of steady- state RSR emission 
spectra, which have grown popular during the past 
decade,36 must also incorporate all possible dephasing 
relaxation mechanisms, particularly for condensed- 
phase studies. The analysis of the RSR of molecules 
in solutions has proven an effective probe of condensed- 
phase dynamics.16~17~2012”26 Our characterization of the 
RSR of isolated molecules, clearly a RRS event, allows 
the quantitative study of ultrafast photodissociation 
processes with rovibronic Fur- 
thermore, turning the emphasis on molecular properties 
around, the analysis of the RSR of a well-characterized 

material system can be a measure of the coherence 
properties of the incident radiation field itself. 

I particularly want to  thank A. C. Albrecht and P. M. 
Champion for illuminating and stimulating discussions on 
this subject over the  past several years. I a m  also indebted 
to m y  students and postdoctoral research associates Ronghai 
Fan, Yun-Po Zhang, Poguang Wang, Deborah Campbell, 
and Young Chung, whose efforts have contributed to the 
results summarized here. Our work in this area has been 
supported by the National Science Foundation and the 
donors of the Petroleum Research Fund, administered by 
the American Chemical Society. 


