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We present a classical description of femtosecond time-resolved experiments on collision-induced vibrational
relaxation processes. Farémbedded in Ar and He gases, a hot distribution of molecular vibrational states

is prepared by a pump laser pulse. Collisions.ofvith gas atoms lead to dephasing and energy relaxation

in the vibrational degree-of-freedom. In employing energy-phase coordinates, we are able to separate these
two effects. Decay rates as obtained from the Fourier analysis of ppnoppe signals are compared to those
derived from the coordinate autocorrelation-function. It is shown that the vibrational energy relaxation influences
the decay of the oscillatory structure in transient signals, leading to a nontrivial density dependence of the
dephasing rate as observed in the experiments of Liu ed.aRHys. Chem1996 100, 18650].

1. Introduction applications mixing quantum chemical methods with molecular
dynamics (MD) see the work of Hartmann et®aps

Most of the latter theoretical work starts with a density-matrix
formulation of the problem, as discussed extensively in the book
by Mukamel¥” Recently, we approached the problem of a
|classical description of coherent excitation processes starting

Femtosecond time-resolved experiments aim at the investiga-
tion of dynamical processes in real titie?; for recent reviews
see, e.g., refs 5 and 6. Thenholecule has been a model system
to monitor bound state rovibrational dynamics in the gas

phasé 10 and has also been used to demonstrate fundamenta ) .
concepts and test new technologi&s® The iodine molecule with the wave function formulation of quantum mecharfes.

has also been used to study the elementary problem of an'V€ Showed that, using the Wigner transformatidthe recipe
anharmonic oscillator coupled to its surroundings. For example, [0 describe laser excitation can be derived in a straightforward
several femtosecond studies have been devoted to the dynamic§12nner. Furthermore, a comparison of quantum and classical
of 1, in cryogenic matricé§2° and zeoliteg! Furthermore, calculations of pumpprobe flgorescence signals (using again
Zewail and co-workers have performed pusgobe experi- the Ig_ molecule as a numencal gxample) revealed that the
ments on 4 in various rare-gas surroundings?* In these classical approxmatlon yields rellgble results. In the present
studies, the systematic change of the pressure conditions allowed@P€r, We apply classical mechanics to study the effect of an
for a characterization of processes such as relaxation and€nvironmenton the internal motion of iodine molecules and its
predissociation. Also, the famous cage effécinduced by manifestation in femtosecond time-resolved signals.
single-atom collisions, was demonstrated using femtosecond Figure 1 illustrates a pumgprobe experiment on gas-phase
spectroscopy® iodine molecules. Here a first laser pulse prepares a vibrational
For the isolateds molecule it is possible to apply quantum Wave packet which oscillates within the potential well of the
theory for a description of the molecular system interacting with €lectronic B state. The time-delayed probe pulse induces a
femtosecond pulses. It is obvious that a complete quantumtransition to a higher electronic state. The probe wavelength
mechanical treatment of complex systebath interactions is ~ may be chosen differently, as indicated by the different arrows
not feasible so that, if a theoretical description is wanted, one in the figure. Measurement of the total fluorescence signal as a
is forced to employ approximations. It is a major task to review function of delay time yields information about the vibrational
the various methods used in the description of femtosecond dynamics?
spectroscopy; this has already been done in the excellent review Upon | collisions with surrounding atoms, the internal
article by Man2” to which we refer at this point. vibrational energy changes (energy relaxation) and a phase
In a former workeé we adopted a mixed classical/quantum randomization occurs (dephasing). In a recent preliminary study
approach to simulate pumiprobe experiments on iodine inrare  we showed that, by using energy and phase coordinates, the
gases. In employing a mean field approach we found that at effect of energy relaxation and dephasing can be decodpled.
longer times and especially at higher pressures the mixedHere we elaborate the latter model, thereby extending earlier
description becomes inconsistent, which is not true for the classical studies okldynamics in rare-gas environmeftdn
classical calculation. A complete classical description of pgmp  performing molecular dynamics simulations we show that the
probe experiments has been employed by various autfic¥s.  vibrational dynamics in “energy-phase” coordinates yields a
For a classical description of nonlinear coherent femtosecondtransparent physical picture of collision-induced vibrational
experiments see, e.g., refs 33 and 34, and for recent interestingelaxation and allows for the separation of energy- and phase-
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the function (atomic units are used throughout)
pB(Ro, PO’ tO) = e_E(ROyPO)/kBT e—T2D%u(R0) e_tOZ/TZ (1)

This distribution of initial coordinateBy; and momentd, is a
product of three exponential functions. The first one gives the
Boltzmann distribution of classical particles with enerdsRo,
Po) = Ux(Ro) + P§/2m at a temperaturd. Herem is the b
reduced mass andy the ground-state potential. The second
exponential in eq 1 defines the FrareRondon window for
the pump transition. The latter is obtained as the Fourier
transform of the pumppulse temporal shape function with
respect to the functioD,(R) = Ug(R) — Ux(R) — wpu*®0
HereUx andUg are the potentials of the two electronic states
that are involved in the transition, andp, is the carrier
frequency of the pumppulse. The last exponential function
Figure 1. Pump-probe excitation scheme for gas-phasmblecules. appearing in eq 1 contains the p_ulse-_shape fur;ot{eg{?t),
Shown are potentials corresponding to the ground (X), an excited (B), which we choose to b(_a_a Gaussigf) = exp(- _t /27 )- “_
and an ion-pair electronic state (f), from which fluorescence is detected. accounts for the probability of the molecular excitation at time
The arrows indicate the center wavelengths of the pump (620 nm) andto during the pump process. The parametevas chosen such
probe (280 nm (a), 310 nm (b), 330 nm (c)) femtosecond pulses.  that the width (full-width-at-half-maximum, fwhm) of the
electric field intensity of the pump pulse is 60 fs.
relaxation processes. Moreover, we calculate pupipbe The classical description of the laser excitation is similar to
signals that can be directly compared to experiment. its quantum mechanical counterpart, where the excited-state
_ This paper is organized as follows: the computational schemeaye function is built by a coherent superposition of the initial
IS descnbed in section 2. Section 3 contains the numel’lca| (ground State) wave function promoted to the excited state at
results, and a discussion including a summary is given in section gifferent times with different phases and weight# compari-
4. son of the classical distribution function with the quantum
Wigner function describing the system after the pulse excitation
reveals similar feature’§.As expected, the classical approxima-
The molecular dynamics (MD) calculation employed a box tion becomes better with decreasing pulse width. Although the
containing oned molecule surrounded by 124 Ar (He) atoms. hodal structure of the wave function is not present in the classical
Periodic boundary conditions were applied, and the size of the density, the coordinate and momentum distribution of both the
MD box, which was chosen according to the rare gas density, functions agree, in the average, very well.
varied up to 20 nm?; a relation to the pressure can be foundin ~ The fluorescence signal from the ion-pair state is assumed
ref 22. All simulations have been carried out at a temperature to be proportional to the population of this state created in the
T = 300 K, which corresponds to the experimental conditions probe transition. Dropping unimportant constants, the latter can
reported in ref 23. The set of Newtonian equations has beenbe approximated &%
integrated with the velocity Verlet algorithfh.The numerical
results, as reported here, result from an average ovér 10 i N
trajectories. During the first picosecond of each run, the system Sty = f dt f(v/2(t — ) — Z F(R(t) 2)
was equilibrated by scaling the velocities of the ambient gas N4
molecules with a relaxation constant of 0.4*pafter this time,
the pump-pulse excitation process from the electronic ground where the sum runs over the numbeof initial configurations
state X to the electronic B state proceeds, as described below©f the L/Ar system. ThusS(tq) counts the 4 vibrational
The potential-energy curves for the electronic X and f states trajectories located within a spatial window defined by the
of I, were taken from refs 42 and 43. The B state Morse Weight function
parameters have been sefic= 5103.1 cn?, oo = 0.9033 au,
andro = 5.711 au as a result of a fitting of the potential given F(R) = exp(—rz(D(R) — wpr)z) 3)
in ref 42 in an interval between 5.3 au and 6.5 au of thé |
distances. This ig the region accessible by the B state wavey,, o D(R) = Us(R) — Ug(R) is the difference between the -
packet prepared in the pump process at a center wavelength Ognd B-state potential, andy is the probe-pulse frequency.
620 nm. Thed—He and p—Ar potentials have been represented Note that eq 2 also contains the pretpilse shape function

by a sum of atormratom potentials with Morse functional form centered at the delay timebetween the pump and probe pulses.

and parameters from ref§ 44 and 45. The parameters of the\ye note that the guantum mechanical version of eq 2, which
Lennard-Jones parametrization for the Hée and Ar-Ar

3 -1

Energy, 10" cm

6 8
R, a.u.

2. Molecular Dynamics Calculations

. X L ads

interactions have been taken to reproduce the equilibrium

distance and well depth of more sophisticated Hartiesck )

dispersion potentials from ref 46 and ref 47, respectively. To Sty = [ dtf(v2t —t)) [ dRIysR O*FR)  (4)
avoid problems arising at the bounds of the MD box, we have

used the “shifted force” potentials with a cutoff distarkg = is the best approximation to the signal that does not need phase
7A4 information®? Nevertheless, it accounts for the motion of the

The vibrational wave packet, prepared in the pump process,wave packetyg(R, t) during the probepulse interaction. A
is represented by a swarm of classical trajectories sampled fromdetailed analysis, as is given in ref 38, shows that within the
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above approximation quantum and classical results are in rT ' '
excellent agreement. ‘
3. Results I,/Ar(10 nm™)

3.1. Phase-Energy Picture of I, Relaxation.In a previous M
paper we have shown that a representation of the two- ; /\j\ |
dimensional oscillator distribution function in “energy-phase”

coordinates i, ¢) allows for the separation and a subsequent
analysis of the energy relaxation and dephasing procésas. H 1
transformation from the canonical variabld® P) to the €, =0ps
@) set of coordinates can be given analytically for the Morse

|2
oscillator (well depttD, equilibrium distancéze, parameter) AJ\ j\j\j\
as

D — +DE
R() = R+ n 2YDEOSD)

t=8ps

p(9)

0 50 100 150

This is valid for a particle with energk, starting at an inner drad

turning pointRy. Furthermore, the above transformation is exact
only for an isolated nonrotating oscillator. In all other cases ' '
the transformation is approximate and merely serves to elucidate
the qualitative picture of vibrational relaxation.

In our former study we treated a restricted phase space of
the system: the calculations started with a fixed intramo-
lecular distance and different initial configurations of the
ambient gas. In this way, a set oflibrational trajectoriesR,

P) were generated which compose the time-dependent oscillator
distribution function. A transformation to the phase distribution T
p(g) and energy distributiop(E) was then performed using eq 800 1200 , 1600 2000

5. In this paper we perform a full simulation of femtosecond E, cm

pump—probe experiment® therefore the initial distribution of Figure 2. Upper panel: phase distributiopép, t) of I, oscillators (0

I, vibrational coordinates and momenta is prepared accordingK) prepared by a 620 nm pump laser pulse. Curves are displayed at
to the pump-laser pulse characteristics (eq 1). different times in intervals of 1 ps. The lower curve shows the collision-

free case; the upper curve is obtained in the case of collisions with Ar

Let us f|r_3t dlscus_s the case where no collisions O_CCl_Jr’ |_.e., atoms. The lower panel contains the energy distribuypi@) resulting
we regard isolated iodine molecules. The energy distribution fgm the pump excitation for noninteracting rholecules.

function in the B state, obtained in the numerical modeling of
the excitation process (eq 1), is shown in Figure 2 (lower panel). cases considered in the present work, the relaxation effectively
The finite width of p(E) results from the spectral width of the  destroys the quantum coherence and revivals, the application
ultrashort pump pulse. Since the dynamics takes place in anof the classical description to the case of isolated molecules is
anharmonic potential, this distribution generates a dephasing,useful to describe the qualitative picture, namely that the
even in the absence of an environment. Figure 2 (lower curve oscillators with different energies have different vibrational and
in upper panel) shows the time evolution of the phase distribu- rotational periods. It is noteworthy that the short-time evolution
tion function for cold (0 K) $ molecules. The initial phase is similar for both the quantum and classical systéft4.
distribution ¢ = O ps) has already some width as a result of the  Obviously, collisions intensify the broadening effect, as can
femtosecond pulse excitation. As stated above, the broadeningbe seen in the upper curve displayed in Figure 2. We show this
at later times is due to the anharmonicity of the potential. picture of the phase distribution evolution for an illustration of
For molecules having various vibrational frequencias, the collision-induced dephasing effect; quantitative consider-
desynchronizatioof vibrational motion takes place, therefore ations based on the Fourier analysis of the coordinate autocor-
an initially localized swarm of classical trajectories disperses relation function are presented in the following subsection.
as time goes along. This broadening depends on the initial Figure 3 shows the widths of the phase distribution obtained
energy distribution only and should be distinguished from a as a function of time and under different conditions. The widths
collision-induced dephasing. For a free molecule, a phase (fwhm) were estimated by a Gaussian fit to the numerical results.
distribution at timet can be obtained simply from the energy The solid line corresponds D K and the dotted line corresponds
distribution using the relationp = wg t. In a quantum to 300 K, both in no environment. A comparison reveals the
mechanical treatment, the subsequent time evolution yields aeffect of the rotational motion. Regular oscillations of the
vibrational revival at about 18 =8 i.e., the dispersed wave vibrational energy resulting from the rovibrational coupling have
packet refocuses. As a consequence, at the time of a revivallittle impact on the phase. Meanwhile, the overall change in
the transient signals show the same temporal behavior as forthe centrifugal barrier, and thus in the rotational period, leads
short delay times. Various aspects of this quantum effect, which to an additional phase broadening in the ensemble, as is shown
is well known in quantum optic® have been discussed in Figure 3. The dashed line shows a collision-induced phase
theoretically?85457 Also, several experiments on diatomic broadening and corresponds to Figure 2 (upper curve).
molecule$®58-61 investigated vibrational revivals. In the clas- 3.2. Dephasing and Pump-Probe Signals for L/(Ar,He)
sical approximation, the dynamical system has no discrete at Different Pressures. We will now discuss the pressure
vibrational levels so that no revival can occur. While for most dependence of pumgprobe signals and analyze the corre-

p(E)
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Figure 3. The widths of the phase distribution are plotted as a function
of time. Solid line: 0 K, only vibrational motion. The influence of
rotations can be seen in the dotted line (300 K). Collisions with Ar at
10 nnT3 density and 300 K result in the dashed curve.
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Figure 4. Pump-probe signals (620 nm pump, 280 nm probe)
calculated for #Ar (solid line) and }/He (dotted line) at different
pressures, as indicated.
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decay of the oscillations in the signals is independent of the
solvent mass. This can be explained by the fact that, despite of
a smaller momentum transfer during ap—He collision
compared to the Ar case, the He atoms move faster than Ar so
that the collision frequency is larger for He. The dephasing rate
is a product of the dephasing resulting from a single collision
(A¢ ~ mp) and the collision rater(~ s%7). Herem, ¢, andv

are the mass, diameter, and the mean velocity of the solvent
atom, respectively. The product is proportional to the temper-
ature and the square of the effective collision diameter and thus
does not depend on the solvent mass. The difference in the
diameter (estimated from Rgd equilibrium distances)yf\r_ll

04 ~ 1.1 is too small to give significant differences in
relaxation rates at the same pressure. Naturally, these consid-
erations do not hold any longer in the limit of very high density
(see upper panel of Figure 4).

Another interesting effect apparent in Figure 4 is the increase
of the transient background signal at longer times if the pressure
is sufficiently high. This is due to the fact that the energy
relaxation results inzltrajectories moving in a more restricted
interval around the equilibrium distance, so that the classical
orbits are located, in the average, for a longer time within the
Franck-Condon window, thus enhancing the sigffaAnother
situation arises if the probe laser wavelength defines a window
located at the outer turning point region of the unperturbed wave
packet motion, as is indicated by the arrow (c) in Figure 1. In
this case, the relaxation results in a decrease of the background
signal since the trajectories, with decreasing energy, are no
longer able to enter the probing window.

Let us now, in more detail, discuss the decay of the oscillatory
structure visible in the calculated transients for the 280 nm probe
transition (Figure 4). As was shown befdfethis behavior is
determined completely by the phase distribution broadening and,
the dephasing time found from the Fourier transform of the
signal is consistent with the time obtained from the coordinate
autocorrelation functiol©(t) = IR(0)R(t)[] where the brackets
denote the ensemble average over allrdjectories. In what
follows, we apply this method to analyze the density dependence
of the dephasing rate. Therefore we calcula@t) = [R(0)-
R(t)Cfor an entire range of He and Ar pressures. The offset and
the nonoscillatory decay (which is due to energy relaxation)
were eliminated by subtraction of a linear contribution of the
form A — Bt. The power spectrund(w) = |/fp° dt expiwt)-
C(t)|2 consists of the fundamental peak centered at the |
vibrational frequencywo and of a number of overtones. The
fundamental peak is fitted by a Lorentz contour df(— w)?

+ kﬁ] wherek; is the dephasing rate.

The vibrational energy relaxation rate can be calculated as
well, using a parametrization of the mean vibrational energy
[(E— ks 27 with an exponentially decaying function exgit)-

(here 7’is the ambient gas temperature). Figure 5 shows the
vibrational energy relaxation rate and the dephasing rate

as a function of the Ar and He pressure. Points were calculated
each 2.5 nm?3. It is noteworthy that the rate constdaqtis also
independent of the solvent mass for reasons discussed above.

It was already mentioned that the background signals obtained

sponding relaxation processes. Figure 4 shows calculatedfor different probe wavelengths will show different traces of

transients for 4 embedded in Ar (solid line) and He (dotted

the energy relaxation process. This is documented in Figure 6,

line) gases at a temperature of 300 K and different pressures,which contains transients calculated with three propelse
as indicated. The probe wavelength is set to 280 nm, i.e., thewavelengths for a density of 10 m¥ corresponding ap-
probe pulse monitors the motion of the vibrational wave packet proximately to a pressure of 400 bar. As one can take from

in a window that is spatially well separated from the turning
points of the motion, as is indicated in Figure 1 (case (a)).

Figure 1, a 280 nm probe transition defines a FranCkndon
window somewhere near the equilibrium point, while in the case

Several trends can be taken from the figure. First of all, the of 330 nm the window is shifted to the outer turning point
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Figure 5. Calculated vibrational relaxation ratelg)(and dephasing
rates k) as a function of the solvent gas pressure.
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Figure 7. Dephasing rat&; calculated from the Fourier transform of
the coordinate autocorrelation function (acf, solid line) and ptmp
probe signals. The latter were obtained for probe wavelengths of 280
nm (circles), 310 nm (squares), and 330 nm (diamonds), respectively.

0.16 |y - Figure 7 showsk, as a function of the ambient gas density.

The solid line shows the dephasing rate obtained from the decay
of the coordinate autocorrelation function (acf), whereas the
dashed lines correspond to rates obtained from the transient
signals for three probe wavelengths, as indicated. An excellent
agreement between the rates derived from the acf and from the
pump-probe signals, using a 280 nm probe, is observed up to
very high pressures. An exception is the 20Hmensity of Ar

gas, at which a rapid energy relaxation influences the signal
decay. For other probepulse wavelengths and in particular for
the 310 nm, as was used in the experiment of Liu et3ad.,
distinguishable deviation from the values, obtained from the
autocorrelation function, is observed.

0.08 | ,

310 nm

pump-probe signal [arb. u.]

0.08 | T

0.04 i Discussion and Summary

280 nm In a series of pumpprobe experiments, Zewail and co-

workers have addressed the dephasing process of an initially
coherent4 ensemble interacting with rare-gas environméhts.
In an analysis of the results, they fitted the signaf as

time, ps
3

Figure 6. Pump-probe signals forAr(10 nn2 density) for different
g p-p g AAI( ty) C, cos@it + &)

_ gt |kt
probe-pulse wavelengths, as indicated. St)=A+Be “+e

(6)

region. The curves displayed in Figure 6 clearly demonstrate

that the decay rate for the oscillations depends on the positionwhere k; is associated with an exponential decay due to
of the FC window for the probe transition. The collision-induced predissociation and vibrational relaxation and the rate constant
relaxation of the oscillator energy leads to a variation of the k» describes the decay of the oscillatory structure. The sum runs
location of the mean outer turning point of the molecular over frequency components that correspond to differences in
vibrations with respect to the FC window. This dynamical the eigenenergies of the anharmonioscillator.

effect leads to a complicated density dependency of the rates Let us, in what follows, compare the results of this procedure
k. derived from pump-probe signals at different probe laser with our results. In doing so, we have to regard the case where
wavelengths. a 310 nm probe pulse is employed. Here a very good agreement
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between the rate constanks obtained from our molecular  signal calculated with a 310 nm wavelength, rather, a small rise
dynamics results and from the fit to the experimental signal is of the signal background is observed. From Figure 6 one can
found. This is true for the absolute numbers as well as the infer that the effect of vibrational relaxation on the background
pressure dependence as shown in Figure 7. Note however, thasignal is small in comparison with what has been observed
this agreement is obtained only in the case of a 310 nm probeexperimentally?? Therefore, it could be concluded that measure-
excitation. As an important result of our study, the rate constants ments of the background decay rates yield information about
ko, as extracted from the coordinate autocorrelation function on collision-induced predissociation dynamics n |

one hand and from pumfprobe signals on the other, in general In summary, we presented a thorough molecular dynamics
deviate from each other. Our numerical results show, that the study of the collision-induced vibrational relaxation in |
analysis of pump-probe signals gives the correct valuekgf embedded in rare-gas environments. An analysis of the oscillator

if the Franck-Condon window for the probe transition is located distribution-function in “energy-phase” coordinates allows us
close to the equilibrium distance in the intermediate electronic to separate the vibrational energy relaxation and dephasing
state. The density dependence of the dephasing rate obtainegrocesses. A theoretical value of the dephasing katan be
from the autocorrelation function shows a smooth behavior. The obtained from the Fourier analysis of the coordinate autocor-
plateau occurring at intermediate pressures, as extracted fronrelation function, while the energy relaxation raigs deduced

the experimental (as well as our theoretical) patpmbe signal from an exponential fit to the mean oscillator energy. Theoretical
is the result of a complex interplay between vibrational values of the ratek; andk; do not depend on the mass of the
relaxation and dephasing. It would be interesting to tune the solvent gas, confirming predictions of a simple thermodynamic
probe laser wavelength to, e.g., 280 nm in order to confirm model.

this theoretically obtained result. The dephasing effect manifests itself in a decay of the

The parametrization given in eq 6 reflects the quantization Oscillatory structure of pumpprobe signals. We showed that
of the vibrational motion and can reproduce revivals at later the experimental estimate of the dephasing rate with help of
times. Fourier transform of the second term appearing in eq 6 PUMp-probe spectroscopy depends on the probe laser wave-
gives a Lorentz contour for each frequency component, which length. By choosing a probe wavelength for which the Franck
all have the same width equal k. Therefore, the relaxation ~ Condon window is located far from the outer turning point in
rates obtained with help of the parametrization are consistentthe state where the vibrational dynamics takes place, the
with our calculations except for the zero density limit. Our dephasing rates deduced from the signal are similar to those
classical approach does not resolve quantum-mechanical vibra£€xtracted from the autocorrelation function.
tional levels and yields a nonzero width for the dephasing rate  Furthermore, it was demonstrated that, due to the preparation
in the absence of ambient gas. However, this difference of an energy distribution in the pump process and due to the
completely disappears for pressures above 75 bar (correspondingnharmonicity of the corresponding potential curve, the decay
to 2.0 nnr3 density$® since collisions with rare-gas atoms rate of the pumpprobe signal contains both the collision-
destroy the coherence and lead to a merging of the spectral linednduced and anharmonicity contributions. A careful analysis of
into a wide classical-like band. It is worthwhile to stress once €xperimental signals is required in order to obtain the pure
more that this band includes both the collision-induced dephas-collision-induced contribution. Also, the vibrational energy
ing and the anharmonicity contribution. The separation of the relaxation manifests itself quite variously in pumprobe
two effects, e.g., with the help of a semiclassical or mixed signals, depending on the probe-laser wavelength.

guantum-classical dynamics, is an interesting problem that is, _
however, out of the scope of the present Study. ACknoWIedgment. This work was Supported by the Deutsche

Forschungsgemeinschaft (Schwerpunktprogramm “Time-de-
pendent phenomena and methods in quantum systems of physics
and chemistry”) and by the Fonds der Chemischen Industrie.
A.K.K. thanks the Deutsche Forschungsgemeinschaft for finan-
cial support.

We note that the authors of ref 23 have also performed
molecular dynamics calculations. The theoretical dephasing rate
has been extracted from the coordinate autocorrelation function
ask, = 1/r1, Wherery; is the time wheriR(t)R(0)(decays to
one-half of its initial value. A behavior similar to the experi-
mental observations has been obtained using this mé&@d.
the contrary, our calculations yield a slowly changing rigte
over the entire considered density range (see Figure 5). The (1) Zewail, A. H.FemtochemistryWorld Scientific: Singapore, 1994;
difference between our approach and the one employed in refVols.1, 2. _ .
23 is that we use the Fourier analysis of the autocorrelation heingZ)lgge?tosecond Chemistrianz, J.; Wste, L., Eds.; VCH: Wein-
function and the puml?pmbe signals to eXtraCt.the deca}y rates,' (é) Fen;tochemistry and Femtobiolgggundstion, V., Ed.; Imperial
For the nonexponential decay of the oscillating function, this college Press: London, 1997.
method does not suffer from ambiguities related to the decay 199((34) FemtochemistryChergui, M., Ed.; World Scientific: Singapore,

law.40
. (5) Zewail, A. H.J. Phys. Chem200Q 104, 5660.
A good agreement between our calculations and the calcula- () zewail, A. H. Angew. Chem., Int. Ed. Eng200Q 39, 2586.

tions of ref 23 is achieved in the middle-pressure range for the (7) Bowman, R. M.; Dantus, M.; Zewail, A. KChem. Phys. Let.989
dephasing raté&; and for the vibrational energy decay rédie 161, 297.

As for the experimental manifestation of the vibrational energy ~ (8) Gruebele, M.; Zewail, A. HJ. Chem. Phys1993 98, 883.
relaxation, a usual point of view is that the background signal Che(r?\). PFLS;Shl%réé"lggleS”seGUGV_e’ D. M.; Vrakking, M. J. J.; Stolow, 4.
decay is due to both the energy relaxation and predissoc#tion. (10) Fischer, I.; Vrakking, M. J. J.; Villeneuve, D. M.; Stolow, @hem.
However, as it was discussed above, the effect of energy Phys.1996 207, 331.

relaxation on pumpprobe signals is more complex than a (11) Kohler, B.; Yakovlev, V. V.; Che, J.; Krause, J. L.; Messina, M.;

simple decay and depends on the propalse wavelength. For \l/\ggsé’%K'S?é;OSChwe”mer’ H.; Whitnell, R. M.; Yan, ‘Phys. Re. Lett.

example, Figure 6 shows that for 400 bar pressure, the (1) stapelfeldt, H.; Constant, E.; Corkum, P.Fhys. Re. Lett. 1995
vibrational relaxation does not seem to lead to the decay of the 74, 3780.
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