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Abstract 

Impulsive stimulated Raman scattering performed with femtosecond pulses on resonance with an electronic transition, 
comprises an all time domain Raman technique providing vibrational dynamics of the ground state chromophore. We report the 
application of this technique to record transient Raman responses of nascent diiodide ions, undergoing rapid vibrational relaxation 
following triiodide photodissociation in ethanol solution. Like other Fourier spectroscopic methods, this spectroscopy maximizes 
high simultaneous time and frequency resolution, making it well adapted, and in the present study exclusively capable, for 
recovering vibrational dynamics of highly excited molecular populations in transition. Master equation simulations of vibrational 
relaxation, coupled to quantum wave-packet representation of the light-matter interactions, are combined to provide a semi- 
quantitative analysis of the experimental results. Previous assignment of spectral narrowing of the nascent diiodide absorption 
to vibrational relaxation is bourn out by simulations. Inherent limitations and fortitudes of the TRISRS method are theoretically 
investigated and discussed. 

1. Introduction 

Flow of internal energy between solute and solvent 

is a cornerstone of chemical dynamics in condensed 
systems. It is required for attaining thermal activation 
of chemical rearrangement, and for relaxing excited 
products down to the safety of their potential minima 
[ 1,2]. Accordingly, understanding this aspect of 
molecular interaction is essential for gaining a full pic- 
ture of chemical dynamics in solution. Such insight 
necessitatesexperimental probing of systems which are 
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in the process of transferring chemically significant 
amounts of internal energy between solute and solvent. 
What is loosely meant by this is an amount of internal 
vibrational energy which is a substantial fraction of that 
required for chemical activation of the solute. 

One experiment which addresses this issue is the 
ultrafast probing of caging and recombination follow- 
ing photodissociation of solvakd molecules. In the 
process of recombination and thermalization the relax- 
ing molecules probe the ground state potential well in 
its entirety. In the case of neutral iodine molecule 
recombination, the process of vibrational relaxation 
was found to be much slower than the stages of elec- 
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tronic curve crossings which lead back to the ground 
state [3]. This conclusion which found its basis in 
transient transmission experiments, was further 
strengthened by transient spontaneous near resonance 
Raman probing [ 41. 

In a recent publication we reported a detailed study 
of triiodide ion photodissociation in ethanol solution 
[ 51. Following photolysis with femtosecond pulses at 
308 nm, the nascent diiodide fragments were demon- 
strated to be created with a substantial amount of excess 
vibrational energy, in a partly coherent vibrational 
superposition, giving rise to periodic spectral shifts of 
the fragment absorption band. A similar result has 
lately been published for solvated IHgI [ 61, in agree- 
ment with femtosecond photolysis experiments for this 
molecule in the gas phase [7]. Using spectroscopic 
constants for solvated diiodide in the literature, these 
oscillations at = 95 cm- ’ were interpreted to indicate 
that the coherent superposition of states generated by 
the process of bond fission involves highly excited 
vibrational levels, centered around u = 2&25. This is 
also in agreement with model MD simulations of this 
reaction in solution, where a significant percentage of 
the available excess photon energy is contributed to the 
vibration of the diatomic fragment [ 81. Within a few 
hundred femtoseconds these oscillations subside, and 
give way to an overall narrowing of the product absorp- 
tion band, taking place within a few picoseconds, as 
depicted in Fig. 1. This was assigned as the spectral 
signature of vibrational relaxation in the product ions. 

Independent studies of diiodide photodissociation 
and recombination in carbon dioxide clusters [ 91, and 
in polar solvents [ 10,111, demonstrated the rapid 
nature of I; recombination and vibrational relaxation. 
These experiments which probe relaxation of the com- 
plete vibrational manifold using fs time-resolved tran- 
sient transmission probing, further indicate that near 
the top of the diiodide potential well, the efficiency of 
vibrational deactivation is extremely high. This phe- 
nomenon has been attributed to a strong coupling of 
solvent polarization to charge fluctuations in the ions, 
near dissociation threshold. The process of relaxation 
in polar solvents, for the lower portions of the vibronic 
manifold, were modeled by a Master equation simula- 
tion [ 11,121. 

In order to test whether vibrational relaxation of the 
nascent diiodide ions is in fact the source of the 
observed narrowing of absorption, we sought to probe 
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Fig. 1. Transient transmission data for triiodide in ethanol at three 
probe frequencies, one at the peak of I; absorption (740 nm), and 
two others to the “red” and to the “blue” of the band center, at 950 
and 620 nm respectively. A growing in of absorption at the center of 

the band (740 nm) is accompanied by a decay at the red (950 nm) 
and blue (620 nm) sides, resulting in an overall narrowing of the 

band taking place in a few picoseconds. All data is taken at “magic 
angle” (54.7”) relative polarization of pump and probe. 

the fragments with a transient Raman spectroscopy. In 
a recent communication (hitherto denoted I) the 
dynamics of I; vibrational relaxation was probed using 
transient resonant impulsive stimulated Raman scatter- 
ing (TRISRS) [ 131. The basic concept behind the 
TRISRS method is as follows. It is now well appreci- 
ated that impulsive photoexcitation will result not only 
in phase coherence of nuclear motions in excited sates, 
but will also instill coherence between vibration levels 
in the ground state [ 14-191. The oscillation and 
dephasing of this coherence can be followed in the form 
of spectral modulations in absorption from the ground 
state of a weak delayed probe pulse, providing in 
essence a Raman free induction decay for the excited 
vibration. When the impulsive excitation acts on a 
relaxed initial vibrational distribution, the modulations 
mirror the free induction decay of coherences involving 
the lowest levels of the vibronic ladder. But if this 
pump-probe cycle is performed on a highly excited 
vibrational distribution, one could in a similar fashion 
extract a Raman free induction decay of the excited 
ensemble, providing a coherence frequency and 
dephasing time characteristic of the excited vibrational 
levels, directly in the time domain. 

The impulsive RISRS pump or “push” pulse 
induces coherence by preferentially depleting proba- 



U. Banin et al. /Chemical Physics 183 (1594) 28%307 291 

bility density from populated geometries in the ground 
state for which the vertical potential gap to the excited 
state most closely matches the resonance conditions 
[ 15,201. This “coherent hole-burning” process will 
involve all vibrational levels populated in the ground 
state which carry oscillator strength within the push 
pulse spectrum, and will result in coherent redistribu- 
tion of population into a number of ground state levels 
above and below each such vibronic state. Resonant 
impulsive photoexcitation also leaves a coherent super- 
position of vibrational levels on the excited surface, 
which in turn will also contribute to the modulation of 
the transient absorption spectrum [ 18,21-241. How- 
ever, when the excited surface is directly dissociative, 
the density promoted into the excited state rapidly exits 
the coordinate space where it can interfere with the 
absorption originating from the Franck-Condon region 
of the reactants. Thus the problem of prolonged spectral 
modulations in absorption due to excited state vibronic 
coherences is rapidly eliminated, and subsequent spec- 
tral modulations are solely due to nuclear coherence in 
the ground state. This phase of spectral evolution 
allows selective probing of vibrational motions induced 
on the ground surface alone [ 15,201. 

Implementing TRISRS involves a sequence of three 
ultrashort pulses. A primary photolyzing pulse in the 
UV initiates the triiodide dissociation. At a certain 
delay with respect to the photolysis, which can be var- 
ied from one experiment to another, an intense push 
pulse sets in motion ground state coherent vibration, 
the decay of which is followed via periodic transmis- 
sion modulations of a continuously delayed weak prob- 
ing pulse. In I we presented TRISRS data for three 
“push” delays falling within the phase of spectral nar- 
rowing of the diiodide absorption, discussed above. 
Periodical modulations of the diiodide absorption 
induced by the push are observed at all delays, and a 
clearly resolved increase in their frequency and decay 
time with push delay is observed over the reported 
range of delays. 

As a first step in analyzing the data, the dependence 
of the phase and intensity of these oscillations on var- 
iable experimental parameters, such as the central fre- 
quency and intensity of the push and probe pulses, was 
ignored. Despite the necessarily broad vibrational dis- 
tributions generated during the process of relaxation, 
the frequency and decay times recorded were loosely 
assumed to be characteristic of vibronic levels near the 

median of the evolving distributions. Glossing over fine 
details, it was argued that through this spectroscopy, 
one approximately records a free Raman induction 
decay of the vibrational distribution at the instant of the 
push excitation. The duration of free induction decay 
defines the minimum time that a dynamic variable must 
be followed in order to reconstruct its power spectrum. 
Impulsive Raman spectroscopy is accordingly one of 
the most rapid methods for obtaining vibrational spec- 
tral information. 

Within this simplified conceptual framework, inter- 
pretation of the TRISRS results was straightforward. 
As the push delay is increased the population of frag- 
ment ions must be relaxing, leading to a reduction of 
both the first and second moments of the distribution. 
Accordingly, the frequency and the timescaleof RISRS 
coherence dephasing sould increase. The frequency 
increases due to the larger level spacings closer to the 
bottom of the potential well. The dephasing is pro- 
longed because of a reduction in the rate of pure dephas- 
ing at low u levels [ 251, and a reduced contribution of 
anharmonicity which-is proportional to O_X= times the 
second moment of the distribution. 

Putting analysis of the data on a more quantitative 
footing requires discarding many of these simplifica- 
tions. Quantitative simulation of the TRISRS process 
requires solution of multi-surface optical Bloch equa- 
tions, which include explicit mechanisms of electronic 
and vibrational dephasing, population relaxation and 
inhomogeneous optical broadening in the solvent 
[ 20,26-281. Despite our ability, in principle, to apply 
time domain methods capable of such a total simula- 
tion, they are at present too time consuming to be prac- 
tical as a first step of quantitative analysis. Therefore 
we have chosen a simplified analysis scheme, described 
below, which includes substantial approximations. The 
utility of these simulations is twofold; to provide a 
quantitative measure of certain aspects of this novel 
three-pulse spectroscopy in its present application, and 
as an abstract model, to give insight into the ways in 
which variation of experimental parameters influences 
the observed TRISRS signal, and the information it can 
provide concerning the vibrational dynamics of the 
probed species. 

Transient vibrational distributions are simulated 
using a simple Master equation model [ 121, previously 
introduced by Barbara and co-workers for the diiodide 
molecular ion in polar solvents [ 10,111. A grid based 
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wave-packet propagation technique is used [ 291, in 
conjunction with a model for the ground electronic state 
and one excited diiodide potential, in order to represent 
the light-matter interactions. Push-probe transient 
transmission scans are then simulated for the various 
incoherent vibrational distributions obtained from the 
rate equations. While the qualitative interpretation 
given in I is vindicated, quantitative simulations prove 
essential for a full understanding of the complex mul- 
tilevel relaxation process under investigation. Even at 
this level of sophistication in analysis, the issue of 
vibrational dephasing is not addressed, and awaits the 
application of a complete density matrix propagation 
method to this problem. 

The organization of this report is as follows. Section 
2 summarizes experimental details of the TRISRS 
study conducted on nascent diiodide ions following 
triiodide photodissociation. For completeness, experi- 
mental results are again summarized in section 3. Sec- 
tion 4 deals with the methods of simulation, including 
the generation of vibrational distributions, and the wave 
packet propagation methods used for generating the 
appropriate TRISRS signals. Section 5 is dedicated to 
comparison of the simulations with experimental data, 
and discussion. 

2. Experimental 

The laser system has been described in detail else- 
where [5]. Briefly, a home-built anti-resonant ring 
synch-pumped dye laser is pumped by a mode-locked 
Nd: YLF laser. The output is further amplified at a 
repetition rate of 1 kHz, using the frequency-doubled 
output of a Nd : YLF regenerative cavity to pump a dye 
amplifier. The ultimate output consists of 60-70 fs 
pulses, centered at 616 nm, containing 2&30 p,J of 
energy. One portion of this output is frequency doubled 
to produce an excitation pulse in the W, and initiates 
the photolysis of triiodide ions in the solution. A second 
portion which can be variably delayed, comprises the 
push pulse at 616 nm. The third portion is continuously 
delayed to produce the experimental scans, and gen- 
erated a white continuum from which a single fre- 
quency band probe is isolated by interference filtering. 
A reference and probe are derived by beam splitting, 
and the latter is focused onto the sample together with 
the excite and push pulses. The transmitted probe is 

isolated in space and in frequency, and detected by an 
amplified photodiode. Data collection was carried out 
by introducing a chopper wheel into the W excitation 
beam, and detecting the difference signal between 
probe and reference signals using a lock-in amplifier 
(SR 530). All experiments were conducted in a 200 
pm flow cell, equipped with ultrathin quartz windows, 
using a sample concentration of a few millimolar in 
ethanol. 

The ultrathin cell windows are necessary in order to 
minimize the effects of self phase modulation on the 
probe near r = 0. This effect introduces a strong signal 
around the zero of time when optical chopping is intro- 
duced into the push arm. In addition, with such a chop- 
per setup spectral modulations are observed following 
a push interaction even without a pumping pulse. These 
modulations are characteristic of the triiodide symmet- 
ric stretching frequency, and are due to nonresonant 
ISRS induced spectral modulation of the probe pulses 
[30]. This spurious signal becomes more intense as 
the probe is tuned to the blue. By transferring the optical 
chopper into the W pumping beam, both of these 
intervening spectral modulation mechanisms were sub- 
tracted in the lock-in detection scheme. Spectral isola- 
tion of the push and probe pulses becomes problematic 
as their optical frequencies approach each other. For 
the reasons stated above our best signal-to-noise ratios 
were obtained by probing in the near-IR spectral 
regions. 

3. Experimental results 

TRISRS data were collected at several push delays 
and probe wavelengths. To clarify the sequence of 
events, Fig. 2a depicts an overlay of three transient 
transmission scans probed at 840 nm, without the intro- 
duction of a push pulse and with a push interaction at 
time delays of 2.7 and 4 ps. The push induces a sub- 
stantial bleach which recovers partially within the 13 
ps scan. A similar overlay is presented in Fig. 2b for a 
probing wavelength of 680 nm. All results involve par- 
allel polarizations of pump, push and probe pulses. This 
combination maximizes the amplitude of the signal. 
TRISRS bleaches at push scans ranging from 2 to 13 
picoseconds are depicted in Figs. 3 and 4. Periodical 
oscillations of the transmission are observed in all 
scans. The early push delays are shown in Fig. 3, and 
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Fig. 2. (a) Transient transmission data at 840 run wiih and withour 

the secondary TRISRS push interactions at a delay of 2.7 and 4 ps. 

(b) Transient transmission data at 680 nm with and without the 

secondary TRlSRS push interactions at a delay of 2 and 4 ps. Scans 

were taken with parallel polarizations of all pulses. 

exhibit a strong dependence upon the delay. The data 
for a 2 ps push delay involves probing at 680 nm, while 
results at later delays were obtained with an 840 nm 
probe pulse. This selection of probing wavelengths was 
dictated by signal-to-noise ratios. Since the data are the 
first TRISRS results in the literature, an effort was made 
to present the clearest experimental evidence possible. 
From the analysis presented below it is however clear 
that the variation of probing frequency will have ‘more 
far reaching consequences than merely varying signal 
to noise. The scans in Fig. 4 are recorded for longer 
push delays, and do not differ observably. The zero of 
time in Figs. 3 and 4 relates to the center of the pushing 

pulse for all scans, and the push delay is depicted on 
the right side of each scan. Fits generated by a nonlinear 
least-squares method are depicted, after convolution 
with the instrument response, along with the data. The 

2 PS 
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4 Ps 

-300 300 900 

Time ( fsec ) 

1500 

Fig. 3. TRISRS data recorded at push delays of 2.2.7 and 4 ps (push 

pulse at 620 nm). Oscillations in transmission are fit to a convolved 

analytical response. The probe wavelength is 680 nm for the 2 ps 

scan. and 840 nm in the other scans. The longer time behavior for 

these cases is shown in Fig. 2. See text for details. 
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Fig. 4. TRISRS data recorded with an 840 nm probe pulse at push 

delays of 4,6 and 13 ps (the 4 ps scan is the same scan as in Fig. 3, 

and is presented again for comparison). Oscillations in transmission 

are lit lo a convolved analytical response. See text for details. 
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experimental points were fit to the following functional 
form: 

S(r)= 
II 

Zpush(r”)G(r’-f”) 
-CO --oD 

x I,,,( t’ - t) dt’ dt” , (1) 

where both push and probe pulses are squared hyper- 
bolic secant functions of 65 fs fwhm, and the Green’s 
function is 

G(r) =A+Bexp( -rf) 

+Csin(wf++) exp( -t/r) . (2) 

This functional form affords a reasonable fit to the data 
at all delays. The parameters of the decaying sine func- 
tion are shown in Table 1. As the push delay increases 
from 2 to 4 ps, the central frequency of the oscillations 
varies from 103 to 112 cm -’ and the characteristic 
decay time increases monotonically by more than a 
factor of two. The change in phase of the observed 
modulations upon varying the central probe frequency 
was briefly discussed in I, and will be comprehensively 
discussed below. We point out in passing that when the 
push pulse acts upon a low vibronic level, and is suf- 

ficiently detuned from the central frequency, probing 
at the push frequency will produce transmission mod- 
ulations which closely resemble a cosine, in line with 

the hole burning concept. The strong dependence of 
the phase in modulations with changes in probing fre- 
quency is demonstrated in Fig. 5, which depicts two 
TRISRS scans collected at a push delay of 4 ps, at 
different probing wavelengths. The shift in modulation 
phase is readily observable. 

Table I 

Push delay 

(PS) 

2.0( 680 nm) 
(840 nm) 

2.67( 840 nm) 

4.0 (680 nm) 
(840 nm) 

6.0 (840 nm) 

13.4 (840nm) 

0 
(cm-‘) 

102k4 
102k4 

105f3 

113f2 
112*2 

112f2 

113f2 

7 

(ps) 

0,s f .2 
0.4 f .2 

0.9 f .2 

0.9f.3 
I .2 f .3 

1.7*.4 

1.2*.2 

4 
(rud) 

0.2 * 0.4 
-2.Of0.6 

- 1.2kO.4 

0.3 f 0.4 
- 2.0 f 0.4 

- 2.2 *0.4 

-2.2*0.4 

I I I 

100 600 1100 1600 
Time (fsec) 

Fig. 5. TRISRS data for a push delay of 4 ps, probed at 680 nm 
(lower scan, triangles), and at 840 nm (upper scan, closed circles, 
and is the same scan as in Fig. 3 presented again for easy compari- 
son). Note the change in the phase of oscillations upon varying the 
probe frequency. 

4. Computer simulations 

4.1. Master equation simulation of vibrational 
relaxation 

The first stage of quantitative analysis is generating 
approximate vibrational distributions of cooling diiod- 
ide ions, upon which to simulate the effect of an impul- 
sive push interaction. To begin with we have no well 
founded knowledge of the chemically generated I; 
vibrational distribution. In fact, one of the purposes of 
these simulations is to obtain information concerning 
the initial distribution of the fragment ions amongst the 
energetically available vibrational levels. This distri- 
bution could be very broad, having a similar average 
and standard deviation. Quantum simulations run on a 
model triiodide potential would suggest such a broad 
distribution [ 3 11. In the future, an MD model for the 
vibrational relaxation will be used to deduce the interim 
distributions en route to relaxation [8]. As a first 
approximation we have chosen a narrow initial top hat 
distribution, starting ar relatively high (u), and allow- 
ing the Master equation rates to mold the subsequent 
vibrational distributions as they approach the experi- 
mentally relevant energy range. This will also enables 
an assessment of the TRISRS method effictivity over a 
wider range of the vibrational levels. 
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MASTER EQUATION SCHEME 

Fig. 6. Schemntic representation of the Mnster equation model for 

simulating the vibrntionnl relaxation. 

The relaxation model is schematically represented in 
Fig. 6. No attention is paid to anharmonicity, and all 

rates are scaled to that of downward relaxation from 
the first excited vibrational level to the ground state. 
The relaxation rates from u = n ton - 1 are proportional 
to n, and detailed balance is accounted for by upwards 
transitions at the appropriate rates. The rate of down- 
ward transitions from the first excited vibrational level 
to the ground state, is designated k, and its inverse T. A 
Monte Carlo trajectory method has been used to inte- 
grate the coupled differential equations describing the 
populations [ 321. The evolving distributions generated 
by this model at various delays, designated in reduced 
units of time 1 /k, are depicted in Fig. 7. It is apparent 
that in spite of the initial narrow distribution centered 
at u = 40, the model broadens the distribution very rap- 
idly, and maintains the breadth throughout the process 
of energy loss, until the lowest rung of the vibrational 
ladder becomes substantially populated. As demon- 
strated in Fig. 8, the excess vibrational energy relaxes 
exponentially to the equilibrium value of (h u[ exp( h vl 
k,T) -I] -I), which is equal to 148.5 cm-‘, with a 
rate of 0.43 k. The slowing down of the relaxation 
results from the upward transitions, and 0.43 is equal 
to 1 - r, or the net fractional downward relaxation rate 
at high u. 

Fig. 7. Results of Mnster equation integrations, after starting with an initial top-hat distribution centered at u=40. Inset depicts the vibrational 

evolution over n limited time spnn from delays from 0.4 to 3.2 reduced units (T= Ilk). This is also the nnge of sensitivity of the TRISRS 

experiment. 
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Fig. 8. Time dependence of the average vibrational energy resulting 
from integration of the Master equation. The simulation results a~ 
fit to an exponential decay to the finite equilibrium vibronic energy 
content. 

4.2. Quantum simulations 

After generating the vibrational distributions above, 
a RISRS pumpprobe sequence acting on the various 
transient distributions is simulated. This is achieved by 
solving the time-dependent Schriidinger equation 
simultaneously on both of the surfaces coupled by the 
laser pulse. The potentials used are based on those 
derived by Chen and Wentworth [33]. The ground 
state is unchanged, while the excited state is taken as 
an exponentially decaying function of internuclear dis- 
tance, with parameters selected to fit the experimental 
absorption spectrum in ethanol. The intense pump 
pulse, as in the experiments, is at 620 nm, and simula- 
tions deal with a probing at several wavelengths. Both 
pulses are assumed to be 60 fs fwhm, and Gaussian in 
shape. Simulating the TRISRS signal at the different 
delays is achieved by first calculating a RISRS 
sequence beginning with an eigenstate, for all vibra- 
tional levels up to u = 45. For an initially incoherent 
statistical mixture of vibronic levels, the TRISRS sig- 
nals can be obtained as properly weighted sums of the 
various “coherent hole-burning” signals derived from 
the eigenstates. All equations and parameters which are 
relevant to the quantum simulations are found in Table 
2. 

Assuming that depletion of the push pulse is negli- 
gible, which in our case is a very good approximation, 
AOD (IPUsh, Apush, A,,,_&, +,,, t) , the time-dependent 
change in optical density due to the impulsive excita- 
tion, will be given according to: 

where AOD ( Ipush, A push, A-, t, o) denotes the change 
in OD resulting from impulsive excitation of the eigen- 

state 0. &h, A pushr and ‘$,rrh are the fluence, wavelength, 
and delay of the push pulse, and A,,,, is the probing 
wavelength. P,,( push) is the initial vibrational distri- 
bution at the given push delay. The contributions of the 
individual eigenstates are summed at the level of inten- 
sities, and not amplitudes, since no phase relation exists 
between them at time zero. Eq. (3) is strictly correct, 
subject only to the assumption that no vibronic coher- 
ence exists prior to the pushing interaction. In the pres- 
ent simulations however, no account is made for the 
continued relaxation during the course of the push 
probe simulation, or for any mechanisms of vibrational 
dephasing, pure or lifetime related, homogeneous or 
inhomogeneous. 

4.3. The push interaction 

Before progressing to the construction of TRISRS 
signals from the vibrational distributions, we sought to 
quantify the sensitivity of our experiment to popula- 
tions in various vibrational levels. As shown in Eq. (3) 
the TRISRS observable is a function of push and probe 
frequencies, as well as the push intensity and delay. In 
order to focus attention first on the push selectivity, a 
number of measures are calculated for the quantum 
state generated by the push interaction, beginning with 
the eigenlevels as initial states. The first is AN(o), 
which represents the norm transferred to the excited 
state by the push pulse, as a function of the initial level 
v. Another is AE, the average change in the vibrational 
energy of the ground state wavefunction following the 
push. 

C*(u) is acoherence measure, introduced in a recent 
study dealing with impulsive excitation of coherent 
vibrational motion, and its decay in dissipative sur- 
roundings [ 201. It arises from a decomposition of the 
normalized density operator describing the ground state 
following the push pulse, into a static and dynamic part, 
which in the energy representation reduces to separat- 
ing p into its diagonal and off diagonal parts. The diag- 
onal elements which would be unaltered by pure 
dephasing will be identified as the static part p,( t) , and 
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Time-dependent quantum calculations 

Hamiltoniau 

surface Hamiltonian 

ground surface 

excited surface 

Vs(r)=D(exp[-2/3(r-r,)]-2exp[-P(r--r,)]]+D 
D= 1.1 eV, p= 1.16A-‘, r,,=3.23,& 

V,(r)=D+Vexp[ -P,(r-I,)] 
V,=O.S9eV, p,=3.5A-’ 

dipole function 

pulse parameters 

/.~=5.7D 

pump 

Probe 

grid and propagation 
grid 

IIMSS 

l (r)=lexp[-g(t-r0)Z].-ior 
g=21n2/AtZ, At=6Ofs 
Z=5.9X10-4au, o=2.01eV, A=616nm 

g=4.2X IO-‘au, 0=2.14, 1.48eV, h=580, 840nm 

Ar=6.8XlO-‘A, N,=512, X,,=2.2,& 
M= 4 X 127 

time propagation Newton interpolation polynomial with Chebychev sampling 
polynomial N,,=32, At= 1.2fs 

signal AODal = x:pi(w- Av’) 
10 EPiANa ’ 

Pi weights of level i 

dynamical “hole” 

Pd 

AN;=(@s(rr))-(@s(O)). AN~‘probeonly, rrfinal time 

pt=pd+cg+c:pI +..., c:=tr(p(r)p,), pi= li)(il 

A= IS(r))(S(r)l. C*=tr(pi] 

all other elements as the dynamical portion, b(t). 
C*(u) is defined in the following way: 

C*(u) = Tr[&(t) 1 , 

where it is understood that p(t) is normalized, i.e. that 
Tr[p,(t) +p~(t)] = 1. In the cited study it is shown 
that po( t) represents the density that contributes to the 
nonstationary behavior of the impulsively excited 
ground state, and C*(v) essentially measures the 
coherent hole induced by the RISRS process. 

In Fig. 9 these measures are plotted as a function of 
u, the initial vibrational level. A number of trends are 
observed. All three exhibit modulations with increasing 
o, decreasing in frequency at higher U. While AE oscil- 
lates around zero, both AN(u) and C*(u) are modu- 

lated but always positive. There is an overall decay in 

the absolute values of all these measures with an 
increase in u. In addition, a phase shift exists in the 

modulations of AN( u) and C*(u) . These trends can be 
understood as follows. The push pulses are centered at 

a constant wavelength. For the bound to free potential 
structure responsible for diiodide absorption, the nodal 

structure of the initial vibronic state is mapped onto the 
spectrum. The systematic change in the nodal structure 

with increase of u, causes the 620 nm push pulse to 

alternate between resonance with a node, and coinci- 
dence with a lobe as u is increased. When the push 

pulse is on resonance with a spectral node, the cross 
section for the push interaction is at a minimum, and 

consequently so is AN(u). This is verified by plotting 
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Fig. 9. Three measures of the 620 nm simulated push interaction 
efficiency as a function of the initial vibrational level. &’ represents 
the change in the ground state norm after excitation on to the excited 
surface of the diiodide ion. BE measures the change in the average 
vibrational energy of the ground state population following the push 
pulse, and C2 is the coherence measure of the same population. 

the cw absorptivity of the vibronic eigenstates at 620 
nm as a function of u, as depicted in Fig. 10. Further- 
more, when pushing is induced at 620 nm, with pulses 
much shorter than 60 fs, their transform limited spec- 
trum simultaneously overlaps a number of spectral 
lobes, and the observed modulations in these measures 
is washed out. This is demonstrated in Fig. 10 by plot- 

ting the values obtained for AN for push pulses that are 
15 and 60 fs in duration. 

From Fig. 9 we can see that the positioning of the 

central push frequency with respect to the nodal struc- 
ture in the spectrum has an impact on the ground state 
wavefunction produced by impulsive excitation. AE is 

modulated in phase with AiV( u). This indicates that the 
wavepacket left on the lower surface after “pushing” 

an eigenstate at a frequency which coincides with the 
center of a spectral love, involves net coherent redis- 
tribution of the initial wavefunction to levels above the 

initial u. At the spectral nodes, pushing results in coher- 

ent redistribution to lower lying eigenlevels. C2( u), 
which is always greater than zero, is maximum when 

the push frequency coincides with one side of a spectral 
love, as indicated by the 1r/2 phase shift of the modu- 
lations in C2(u) with respect to the oscillations in 

AN(u) . But perhaps more important than the modula- 
tions observed in all three measures, is the fact that both 

AN(u) and C2( u) remain appreciable for all of the 

eigenstates calculated for the diiodide ion. Thus the 
assumption that the pushing interaction at 620 nm is 
capable of instilling coherence in all the chemically 
excited uibronic Zeuels, heavily relied upon in I, has 
been numerically vindicated. Naturally, as u is 
increased, the eigenstates and subsequently the spectra 
are more spread out, gradually reducing the absorption 
cross section of the push pulse, and also the value of 
the measures of the push effectiveness. 

4.4. The probe interaction 

Ultimately, a measure of TRISRS sensitivity to the 
initial population of a single vibrational level is AOD 

(zpushr &ush, ~probc~ 3 t u) . In Fig. 11 an overlay of optical 
density modulations are shown for a limited range of 
the vibrational ladder. The large number of levels for 
which a push-probe cycle has been calculated neces- 
sitates plotting of the results in the three panels. Notice 
that all modulations in a single panel are given with the 
same gain, allowing comparison of their relative inten- 
sity. From pane1 to panel the gain is changed for pur- 
poses of visualization. In order to compare intensity of 
scans on different panels, the first and last scans are 
repeated in consecutive panels at different gains. A 
number of features are immediately apparent. The 
waveforms are complex, and clearly involve higher 
harmonics of the local fundamental vibrational fre- 

2$= 0.3 

0.2 

0.1 

0 

Fig. IO. The calculated change in the ground state norm after absorp- 
tion of the push radiation for two pulse durations, 60 and I5 fs, as a 
function of the initially populated vibrational level U. Also shown is 
the relative static absorbance of a cw source at 616 nm, the push 
pulse carrier frequency. Note the similar modulations observed. 
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Fig. 11. Simulated spectral modulations following a complete push and probe sequence, pushing at 620 nm. and probing at 840 nm, as a function 
of u, the initial vibrational level. The three panels present the modulations at different gain. Results on different panels can be compared by 
observing the first and last scans which are common to con.~cutive paneIs. 

quency /34]. Just as the absorption at a given fre- 
quency is highly variable with u, so are the amplitudes 
of modulation in absorbance. There are levels, such as 
u = I, which give rise to almost sinusoidal modulations 
at the local fundamental frequency. Yet others, such as 
u= 3, 6, or 21, exhibit RISRS oscillations that are 
nearly single sinusoidal at twice the fundamental fre- 
quency. The relative phase of modulations stemming 

from different initiaf levels is also a factor in the moid- 
ing of the signal. In certain cases the modulations tis- 
ing from closely spaced levels may sum destructively 
or constructively, leading to a reduction or increase in 
overall spectral undulation. The oscillations arising 
from initial population of u = 0 and u = 2 will observ- 
ably sum destructively, as will contributions from the 
third and fourth levels. These variations from level to 
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Fig. 12. Fundamental frequency of simulated spectral modulations 
for an 840 nm probe, compared to the vibrational Bohr frequency at 
the initial vibrational level as a function of the vibrational quantum 
state. Agreement is extremely good. 

level become more regular and systematic at very high 
u. Here a periodical modulation between mainly fun- 
damental to mainly second harmonic is observed, with 
more gradual changes in the relative phases of spectral 
modulations associated with adjacent initial vibrational 

levels. But perhaps most important of all, the magnitude 
of spectral modulations at the fundamental frequency, 
for the first few eigenlevels is much larger than for 

higher excited states, strongly biasing the TRISRS 
experiments towards their detection. This point will be 

elaborated upon later on. 
In face of the highly structured nature of the individ- 

ual responses depicted in Fig. 11, it is important to 
establish the precise frequency of their fundamental 
Fourier component. In order to do this, the responses 

were Fourier transformed, and the first moment of the 

fundamental peak was derived. Fig. 12 depicts these 

frequencies as a function of initial u, along with 

[E(u) - E( u - 1) ] lh, where h is Planck’s constant. 
We observe that, due to the RISRS distribution of the 

density to a few states above and below the initial level, 
the fundamental Fourier component of the coherent 
spectral modulations is almost exactly equal to the Bohr 
frequency in the vicinity of the initial u. Accordingly 
the frequency of the modulations directly earmarks the 

initially populated states. This is the second character- 
istic of the RISRS process upon which its application 

to elucidating transient populations hinges, and is 
directly demonstrated here in the simulations. 

All the machinery is now ready for simulation of 
TRISRS signals from the transient vibrational distri- 
butions, according to Eq. (3). Fig. 13 depicts a selected 
sequence of such signals. simulated for vibrational dis- 
tributions at various push delays. Results are presented 
in two formats. Panel A depicts the spectral modula- 
tions for closely spaced push delays spanning the range 
between 0.4 to 3.8 T. Panel B presents a sparser collec- 
tion of modulations obtained for distributions all the 
way to thermalization. Like the signals in Fig. 11, the 
TRISRS responses are complex and clearly not clean 
sinusoids, yet the signals depicted decay with time 
more pronouncely. Since no dephasing mechanisms of 
the vibrational coherence are represented in the calcu- 
lations, this must be associated with the anharmonic 
broadening due to the breadth of the initial distribu- 
tions. At early delays the signal remains complicated 
and rapidly evolving, but from a delay of four reduced 
time units and onwards the modulations become mark- 
edly more intense, and closely resemble a single sine 
wave at the fundamental frequency. These trends are 
further strengthened as the delay increases. This change 
in the appearance of the TRISRS signals at long push 
delays must be associated with the strong sensitivity of 
our signals to populations in the first few vibrational 
levels. Even a modest probability of their population in 
the evolving distribution will overpower the transmis- 
sion response, as is in fact observed for the distributions 
which have an average u of 9 and downward. 

Up to this point we have described TRISRS results 
using push and probe pulses at 620 and 840 nm respec- 
tively, and have exercised variation only in one exper- 
imental parameter, the push delay, or its equivalent in 
the simulations. Clearly we are also able to change the 
central frequency of the probing pulse. A complete set 
of full TRISRS simulations using a pushing pulse at 
580 nm, are depicted in Fig. 14. This probe wavelength 
lies to the blue of the absorption spectra of a large 
number of eigenstates. As a result of this, the intensity 
of higher harmonics contributing to the push-probe 
responses is much diminished. When the probing posi- 
tion is near to the midpoint of vibrational motion, two 
maxima will be recorded per period giving rise to the 
second harmonic modulations. Because of the strong 
anharmonicity of the potential, in contrast to probing 
to the blue as described above, it is impossible to choose 
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Fig. 13. Simulated TRISRS results for tbe vibrational distributions 
depicted in Fig. 7, calculated from the modulations presented in Fig. 
11 using Eq. (3). Results are presented in two panels. Panel (a) 
depicts the results for various pump-push delays ranging from 0.4 
to 3.8 7. Panel (b) gives a sparser presentation of results all the way 
to thermalixation of the diiodide ions. 
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Fig. 14. Simulated TRISRS scans, as in Fig. 13, for a 620 nm push 
and a 580 nm probe pulse. Panel (a) shows results for pump-push 
delays between 0.4 to 2.4 T. and panel (b) depicts the signal at longer 
delays. See text for details. 
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Fig. 15. Fourier transforms of the spectral modulations depicted in 
Figs. 13 and 14 as a function of the delay. Panel (a) depicts the 
transforms for an 840 nm probe, and panel (b) for 580 nm. 

a single probing wavelength which will fall to the red 
of absorption spectra from all the excited vibrational 
levels considered. In addition, the spectral density of 
the lowest levels is smaller at this wavelength, putting 
off the saturation of the modulation frequency with 
relaxation delay. Aside from these differences the 
trends observed in the 840 probing results are all man- 
ifest using the shorter probing wavelength. 

Difficulties immediately arise when comparing these 
results with our experimental TRISRS signals. The 
experimental scans were reasonably represented using 
a single decaying sine wave, even though the rise in the 
TRISRS bleach indicates that their duration is very 
similar to the 60 fs duration assumed in the simulations. 
Further work will be required in order to appreciate the 

reasons for the absence of higher harmonics in our 
experimental TRISRS modulations. In order to com- 
pare them with the computer calculations, we have 
elected, as with the individual responses from single 
us, to Fourier transform the simulated responses in 
order to extract an average frequency of the fundamen- 
tal modulations. This frequency can then be compared 
directly with that of the decaying sine waves fit to the 
experimental data. 

In order to eliminate high-frequency modulations 
due to abrupt cutoff of the signal, all the responses were 
first damped by a decaying exponent, and then trans- 
formed. Fig. 15 demonstrates the transforms them- 
selves for a selected sequence of relaxation durations, 
probing at 840 nm. The existence of harmonic contri- 
butions is clearly demonstrated in the transforms, and 
an unmistakable increase with time of the central fre- 
quency of the fundamental “clump” is observed. As 
discussed above, this gradual increase in the central 
frequency or first moment stops beyond a relaxation 
delay of = 3 reduced units, and only evolves in inten- 
sity. In order to show this most clearly, the first spectral 
moment of the fundamental “clump” in the transforms 
is displayed as a function of the relaxation delay in Fig. 
16. The plot shows a nearly linear increase of oVi, with 
delay, that saturates at t = 3.2 reduced time units, even 
earlier than expected by inspection of the full trans- 
forms. A very similar result is obtained for spectral 
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Fig. 16. The mean frequency of fundamental spectral modulations, 
extracted from the transforms in Fig. 15, as a function of the delay. 
Two simulations are shown for probing at 580 and 840 nm. 
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Fig. 17. Transient absorption spectracalculated for the excited vibra- 
tional distributions from Master equation integration, at various 
stages of relaxation, depicted in Fig. 7. Substantial spectral evolution 
is evident after a delay of 57, while the simulated TRISRS signal at 
these delays has already reached its asymptotic frequency. 

modulations probed at 580 nm, also included in Fig. 
16. Thus all the vibrational relaxation following this 
delay will have no effect on the central fundamental 
frequency of the impulsively induced spectral modu- 
lations, but only on its amplitude. It is important to 
point out that this is not the case for the second har- 
monic “clump” which continues to increase its central 
frequency beyond this saturation delay. 

It is worth while to compare this result with the 
concurrent changes which take place in the transient 
absorption of the relaxing fragment ions. Fig. 17 pres- 
ents an overlay of absorption spectra based on the tran- 
sition to the lowest excited state of the diiodide, at 
various relaxation delays. At early times the absorption 
is extremely distributed, from the near-UV, and deep 
into the near-DC. Even at time delays where the TRISRS 
frequency has saturated, the absorption spectrum is still 
evolving, with extension mainly into the infrared. This 
emphasizes the complimentary nature of these experi- 
ments, in monitoring the process of vibrational relax- 
ation. 

5. Discussion 

At the level of simulation applied, the TRISRS 

303 

method has lived up to earlier expectations in every 
aspect addressable by the model. The computer calcu- 
lations show that an ultrafast push pulse centered at a 
620 nm can excite ground state coherences in diiodide 
ions which initially populate a wide range of vibrational 
levels, and that these coherences are made up of eigen- 
states in the vicinity of that initially populated. Fur- 
thermore, the simulations show that the central 
frequency of probe spectral modulations does in fact 
follow the process of vibrational relaxation, and the 
experimental observations are conclusive evidence for 
the rapid vibrational relaxation of the nascent ionic 
fragments. Having said this, the discussion will be ded- 
icated to three issues. The first will be a review of the 
approximations incorporated into our simulation 
scheme, and will serve to reiterate what can or cannot 
be learned from the presented calculations concerning 
the chemical reaction under study, and the TRISRS 
method in general. Later we will examine the quanti- 
tative information obtained from comparison of the 
experimental data and the simulations. We will con- 
clude with a discussion of the special attributes of 
TRISRS vis-a-vis other methods of probing vibrational 
relaxation. 

The model used for the molecular potential surfaces 
in the &iodide ions is crude. The potentials employed 
are suggested in the literature to describe the forces 
acting on the nuclei of isolated diiodide ions. Static 
solvent effects can be incorporated by renormalizing 
the potentials and reduced masses of the ions. This has 
not been attempted here. Resonance Raman experi- 
ments conducted in solution predict a larger anharmon- 
icity in the ground state than that calculated for the 
model [35]. The Morse functional form which has 
been used for this state underestimated the anharmon- 
icity (0.45 versus 0.36 cm- ’ ). Only one excited state 
has been included, despite the fact that two intense 
transitions are manifest in the absorption spectrum of 
diiodide above 350 nm. Given the small changes in the 
resonance frequencies observed upon solvation, and 
the fact that most of the spectral width should be attrib- 
uted to the dissociative nature of the transitions, this 
approximation seems to be reasonable, and static sol- 
vent-induced modifications of the potentials should not 
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lead to drastic changes in the conclusions drawn from 
the simulations. 

An important omission is that of optical transitions 
concerning the higher excited state of the diiodide ion. 
At room temperature, the transitions from the ground 
state to either of the excited states give rise to well 
separated distinct bands. However, as highlighted in 
Fig. 17, vibrational excitation will cause very rapid and 
broad redistribution of spectral density, which should 
cause substantial overlap of the two bands. The reper- 
cussions of this are important both to the pushing and 
probing interactions. At a high enough vibrational 
level, the UV I; band will contribute to the optical 
density at 620 nm. Accordingly, for very high u a push 
interaction will simultaneously erode two coherent 
holes in the ground state density, centered at different 
internuclear radii, each associated with optical reso- 
nance with a different electronic state. These two holes 
will then simultaneously evolve in time producing a 
complicated spectral modulation pattern. Similarly, at 
such high u the ensuing modulations in the probe OD 
will in part be due to absorptions to the near-UV band. 
At present, all that can be said concerning the complic- 
ity of the UV band in our experiment is that at lower 
vibrational energies this problem subsides, and that 
only the inclusion of the higher surface in a more elab- 
orate model will allow us to quantify the importance of 
its consideration. Clearly in the case of recombination 
experiments it should be considered. 

Perhaps the boldest approximation is the method for 
including solvent-induced dissipation. Here we essen- 
tially leave the relaxation on in order to evolve the 
distribution, and then effectively turn it off while sim- 
ulating the push-probe sequence. For diiodide ions in 
solution, separating vibrational relaxation from 
dephasing is unrealistic, since from the experimental 
observation one can deduce that at most, their charac- 
teristic timescales differ by one order of magnitude. 
Indeed the population relaxation may play a substantial 
role in the decay of vibrational phase coherence, along 
with additional pure dephasing mechanisms. 

When examining the simulations it is important to 
realize the implications of the separation between relax- 
ation and the push-probe cycle. First of all, the duration 
of spectral modulations manifest in the calculation has 
nothing to do with experimental reality, because the 
simulated wavepacket set in motion literally remains 
coherent indefinitely in the absence of dissipation. Thus 

the prolonged propagations conducted here should be 
understood only as a measure taken for allowing an 
accurate characterization of the fundamental frequency 
of spectral modulation, and does not indicate that phase 
coherence is in reality expected to extend so long. 

But another implication has to do with the trial func- 
tion used for fitting the experimental data. Since sub- 
stantial relaxation is taking place during the process of 
dephasing, it is conceivable that the frequency of spec- 
tral modulations is also evolving due to anharmonicity 
of the potential. This is an effect specific to anharmonic 
multi-level dephasing. There are of course limitations 
to this since population relaxation is itself one of the 
mechanisms of homogeneous dephasing. In each of the 
TRISRS decay depicted in Fig. 2, the modulations are 
followed for periods which span the delay to the next 
push experiment, but are considerably dephased within 
that period. Our data might be more accurately fit to a 
sweep of frequencies during this process. The fact that 
a single frequency of modulation has provided an ade- 
quate fit to the data does not rule this out. This probably 
stems from the fact that pure dephasing mechanism 
obliterate coherence before the systematic change in 
modulation frequency is appreciable, or detectable with 
present signal-to-noise levels. 

The only quantitative measure by which the simu- 
lations and experiments can be compared is the fre- 
quency of spectral modulations, and the dependence of 
this frequency upon the delay time. By comparing the 
experimental and simulated variation of modulation 
frequency with push of relaxation delay, it should be 
possible to test compatibility between the two, and to 
estimate the reduced time constant 7. Since the initial 
vibrational distribution for the master equation was 
arbitrary there is full flexibility in shifting the origin of 
time. In order to directly compare the two, we have 
identified the points at which the simulated frequency 
is 102 and 105 cm- ’ respectively. Fig. 16 indicates that 
spectral modulations at 102 and 105 cm- ’ are manifest 
in the TRISRS simulations at a relaxation delay of 2.4 
and 2.7 T, giving an interim delay of a third of a reduced 
time unit. If we take these two points to be equivalent 
to the 2 and 2.7 ps push delays, then the 4 ps push 
relates to a simulation delay of 3.5 T, with a value of 
= 2 ps for T. At 3.5 rof simulation delay the frequency 
of spectral modulations has clearly saturated at 112 
cm-‘, giving complete compatibility between the 
experiments and the model. While the three push delays 
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experimented with provide a very sporadic test for the seems a winning combination for this purpose. This 
model, this compatibility indicates that the master basic difference also explains why the TRISRS fre- 
equation model used to simulate the process of vibra- quency saturates before the spectral narrowing depicted 
tional relaxation might be a reasonable representation in Fig. 1 is complete. It should be pointed out however 
of relaxation near the bottom of the potential well. As that even this extended spectral evolution falls short of 
mentioned previously, in our formulation, the energy that expected from Fig. 17, given the value of 2 ps for 
relaxation time constant is 2.3 Tgiving a value of = 4.6’ r. Solvent-induced spectral broadening, and the lower 
ps for this parameter, close to the 4 ps value determined than experimental anharmonicity of the Chen and 
in the 1; recombination experiment analysis [ IO,1 1 ] Wentworth potential may partially explain this differ- 
in ethanol solution. ence. 

But in light of the comprehensive quantum study we 
have conducted, the fact that an evolution in the mod- 
ulation frequencies is experimentally observed dem- 
onstrates an important qualitative feature of the state of 
nascent diiodide at the first two push delays. The clear 
lowering of the frequency of spectral modulation 
detected at both delays, indicates that at these times the 
population of the lowest few vibrational levels is neg- 
ligible. Otherwise they would dominate the observed 
spectral modulations, as observed in the simulations 
beyond a reduced time of 3. This is of utmost impor- 
tance, since as stated below, we have no other means 
of determining whether or not low lying levels are 
initially populated following triiodide photolysis. It is 
concluded that the initial vibrational distribution is not 
so broad as to extend from very high down to the lowest 
u. 

In this respect the enigma of higher harmonics is 
intriguing. Had this aspect of the TRISRS response 
been manifest in the data, then as demonstrated in the 
simulations the range of sensitivity of the TRISRS 
observable would be substantially extended, since the 
saturation in the frequency of the second harmonic 
seems not to take place quite as early as that of the 
fundamental. TRISRS experiments with different 
molecular systems and simulations which include more 
realistic models of dissipation must be conducted 
before the full potential of higher harmonic responses 
can be assessed. Since the appearance of higher har- 
monics of spectral modulation is the main difference 
between the two different probing frequencies, deter- 
mining the utility of probe tuning awaits the results of 
such a detailed study. 

It is tempting to review the simulations, and compare 
TRISRS to other available measures for probing tran- 
sient vibrational distributions. To begin with we con- 
sider the method used previously to recover vibrational 
relaxation kinetics in the same system, the transient 
absorption spectrum. Comparing Figs. 14-16 to Fig. 
17 leads to the conclusion that TRISRS probing clearly 
augments and compliments transient absorption as a 
tool for determining vibrational energy distributions. 
Transient absorption spectra are strongly dependent 
upon the vibrational energy content at low excess ener- 
gies, but at higher average u the absorption spectra 
become so extended and spread out that, even without 
the complications due to additional transitions, it is 
doubtful that a good estimate of the vibrational distri- 
bution could be derived from the absorption alone 
[ lo]. In contrast, the TRISRS observable becomes 
overwhelmed by the strong sensitivity for the lower 
vibronic levels even for distributions that are still quite 
“hot”, but reflects the mean vibrational occupancy 
quite well at higher u. Their combined application 

Another method which has been employed for prob- 
ing transient vibrational distributions is pulsed spon- 
taneous Raman, both on resonance and away from 
resonance [4]. The principle behind the application of 
ultrafast transient Raman is quite similar to that of 
TRISRS, the stage of relaxation is set by the delay of 
the Raman probe, while the vibrational distribution is 
determined in the frequency domain through observa- 
tion of hot bands in the Raman shifted radiation. This 
is one part of the information which we are after in the 
TRISRS experiment, where exclusively in the time 
domain the dephasing dynamics are also obtained. The 
hybrid time-frequency spontaneous Raman technique 
is however problematic whenever it is necessary to 
obtain Raman spectra of very rapidly evolving species 
where only small changes in the vibrational frequencies 
result. For the specific case studied here, conventional 
transient spontaneous Raman probing would not pro- 
vide a realistic alternative to TRISRS, since the rate of 
relaxation observed was similar in duration to the vibra- 
tional period. Therefore a pulse short enough to resolve 
the relaxation would necessarily mask the anharmonic 
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broadening of the Raman response, and even spectrally 
overlap the laser probe radiation! But in general appli- 
cation, the spectral width of a probe pulse capable of 
time resolving the process of relaxation may partially 
mask important vibronic spectral structure. 

It is particularly important to point out that in the 
data presented here, Raman responses which are dis- 
tinct, both in frequency and dephasing times, are 
obtained for push delays which differ by less than the 
dephasing time of the free induction decay. Therefore 
spontaneous Raman probing with pulses short enough 
to recover the obvious development taking place in the 
vibrational distribution would mask its precise hot band 
contour, especially given the slight changes detected in 
the coherence frequencies. Conversely, pulses of nar- 
row enough bandwidth for retrieving this contour, 
would inevitably average over delay times which 
through the TRISRS technique are demonstrated to 
give rise to observably different free induction decays. 

6. Conclusion 

The viability of the TRISRS scheme for following 
vibrational relaxation has been demonstrated experi- 
mentally, and via detailed computer simulation. The 
two main requirements for its utility, i.e. that the fre- 
quency of spectral modulations in probe transmission 
earmark the initially populated vibronic levels, and that 
a single push pulse can induce coherence in a wide 
range of u, have both been quantitatively verified by 
simulation. These calculations show a nonuniform sen- 
sitivity of the spectroscopy over the vibrational mani- 
fold of the diiodide ion, with a strong preference under 
the present conditions for detecting low lying vibronic 
levels. This stresses the complimentarity of TRISRS 
and transient absorption, which are able to recover 
either the early or the later stages of vibrational relax- 
ation for highly excited initial populations respectively. 
We have not yet been able to reconstruct the nascent 
vibrational distribution of diiodide ions produced upon 
triiodide photodissociation in ethanol. This will require 
a theoretical treatment which includes simultaneous 
propagation on three diiodide surfaces, and all aspects 
of medium dissipation such as electronic and vibra- 
tional dephasing. 
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