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We present a theoretical study of the multistate dynamics of the Ag3
-/Ag3/Ag3+ system on the time scale of

nuclear motion, as explored by femtosecond pump-probe negative ion-to neutral-to positive ion (NENEPO)
spectroscopy. The dynamics of the Ag3 cluster initiated from its linear transition state involves configurational
relaxation, intracluster collision, and onset of IVR, resonant and dissipative IVR and vibrational equilibration,
whose time scales were determined. Our analysis reveals that theory is essential for the elucidation of the
rich dynamic information regarding geometrical change, completion of IVR, and vibrational coherence effects
in the NENEPO femtosecond signals.

1. Introduction

Novel and interesting facets of ultrafast cluster, condensed
phase, and biophysical (adiabatic and nonadiabatic) dynamics
can be triggered by charge separation, expansion, localization,
or transfer. Typical examples in finite and infinite systems
involve multistate nuclear dynamics in Ag3-/Ag3/Ag3+ negative
ion-to neutral-to positive ion (NENEPO) spectroscopy of small
clusters,1-4 the fate of Rydberg excitations resulting in a
“bubble” or “spring” formation in mixed rare-gas Xe* ArN
clusters,5,6 relaxation of an excess electron via “bubble” forma-
tion in simple dense fluids, e.g., liquid He, Ne, or H2,7,8

vibrational coherence effects impact-induced in clusters5,6,9-11

or in the condensed phase,12-15 and ultrafast electron transfer
in solution16,17 or in a protein medium.18

Clusters are of considerable interest in the context of ultrafast
nuclear dynamics for several reasons: (1) The number of
degrees of freedom and the density of states can be continuously
varied by changing the clusters size.19,20 (2) The nuclear
dynamics allows for a separation of time scales between high-
frequency (intramolecular) and low-frequency (intermolecular)
motions in clusters.21 (3) Dynamic cluster size effects allow
for the investigation of the “transition” from resonant dynamics
to dissipative dynamics by increasing the cluster size.22

In this paper we report on multistate femtosecond dynamics
of small clusters on the time scales of nuclear motion. The
elucidation of nuclear dynamics triggered by vertical electronic-
vibrational excitation or ionization pertains to time-resolved
transition state spectroscopy and dynamics.23-30

2. NENEPO Femtosecond Dynamics

Wolf et al.,1 Berry et al.,2 and Leisner and Wo¨ste3 pioneered
the NENEPO pump-probe femtosecond spectroscopy to ex-
plore the nuclear dynamics of the Ag3

-/Ag3/Ag3+ system. In
these experiments a transient linear Ag3 cluster in its ground
electronic state2Σu

+ was prepared by a one-photon photode-
tachment of linear Ag3- (1Σg

+) and its time evolution from linear

Ag3 (2Σu
+) to triangular (B2

2) nuclear configuration was inter-
rogated by a delayed ionizing pulse via two-photon ionization.
A recent significant extension of the experimental study of Ag3

-

by the NENEPO pump-probe method, utilizing two-color
excitation and sensitive ion and electron detection, was presented
by Boo et al.4

The original interpretation provided by Wolf et al.1 of their
experimental results was based on the assumption that the
temporal shape of the signals is determined by the time-
dependent Franck-Condon vibrational overlap integrals be-
tween the potential energy surfaces (PESs) of Ag3 and Ag3+

during the structural relaxation process from the linear initial
to the bent equilibrium structure of Ag3. Lineberger et al.4

invoked the additional effects of the acceleration of the nuclear
wave packet of Ag3 toward the triangular configuration with
the maximization of the Franck-Condon factors between the
PES of Ag3 and Ag3+ in the vicinity of the triangular
configuration. Some model calculations31,32of the time depen-
dence of the ionization potential of Ag3 induced by structural
response seem to confirm the gross features of the experimental-
ists’ interpretation.1-4 Our theoretical studies33,34of the nuclear
dynamics and pump-probe femtosecond spectroscopy of the
Ag3-/Ag3/Ag3+ system reveal that the experimental time-
resolved NENEPO signal must be supplemented by theory to
elucidate the rich dynamic information for this system with
providing essential complementary information for time-resolved
experimental spectroscopy.
In this paper, we shall address the following issues regarding

the nuclear dynamics of the Ag3 cluster initiated by vertical
photodetachment of Ag3- to the linear transition state:
(1) Is the bending structural change sufficient for the

understanding of the ultrafast dynamics? We shall show that
in addition to configurational relaxation to the triangular
configuration, sequential intracluster vibrational relaxation (IVR)
processes dominate the intracluster dynamics.
(2) What are the intracluster IVR processes? These involve

intracluster collisions, the onset of IVR, resonant and dissipative
IVR, and vibrational equilibration, whose time scales were
determined.
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(3) Can dissipative IVR be exhibited in a “small” cluster?
Indeed, our simulations demonstrate that dissipative IVR and
vibrational equilibration are already exhibited in a three-atom
system at excess vibrational energies of≈0.4 eV, corresponding
to the equilibrium temperature of≈1400 K.
(4) How are the features of the dynamics manifested in the

experimental NENEPO signals? We show how geometrical
change and completion of IVR can be identified in the
femtosecond pump-probe signals.
(5) Can vibrational coherence effects be revealed? We show

under which interrogation conditions vibrational coherence
induced by the intracluster collisions can be identified in the
NENEPO signal.

3. Methodology

We present a theoretical study of the NENEPO femtosecond
pump-probe signals and of the underlying nuclear dynamics
of the Ag3-, Ag3, and Ag3+ system. The bases for our molecular
dynamics trajectory simulations, which are used for the calcula-
tions of the pump-probe signals, are precomputed grids of the
three potential energy surfaces, which we have obtained from
high-quality ab initio CI and coupled cluster quantum chemistry
calculations. The calculations of the three ground-state potential
energy surfaces (PES) of Ag3-, Ag3, and Ag3+ were carried
out by using a relativistic one-electron effective core potential
accounting for core-valence correlation (RECP-CVC) together
with the atomic basis set which was developed for the
investigation of structural properties of neutral and charged silver
clusters.35,36 The use of RECP-CVC allowed for the full CI
treatment of the three- and two-electron systems Ag3 and Ag3+,
while for Ag3-, the computationally less demanding CCSD(T)
method has been used instead. As already known from previous
work35,36the global minima of the anionic, neutral, and cationic
silver trimers assume linear, obtuse triangular, and equilateral
triangular structures, respectively.
Figure 1 presents two-dimensional contour plots of the PESs

of the ground states of Ag3-, Ag3, and Ag3+. The normal
coordinatesQs, Qx, andQy of the Ag3+ cation are used to
represent the PESs.Qs,Qx, andQy correspond to the symmetric
stretching, the bending, and the antisymmetric stretching
coordinate, respectively. The contour plots are given for two
fixed values ofQs, Qs ) 2.73 Å for the Ag3-/Ag3 (panels a,b)
andQs ) 2.81 Å for the Ag3/Ag3+ surfaces (panels c,d). These
values ofQs correspond to the absolute minima on the PES for
Ag3- and for Ag3, respectively. Figure 1 manifests the relevant
spatial region for the pump Ag3- f Ag3 vertical photodetach-
ment (panels a,b) and for the probe Ag3 f Ag3+ vertical
ionization during the relaxation on the Ag3 PES (panels c,d).
The most straightforward relevant information pertains to the
energetics of the ionization process. The theoretical data for
the vertical photodetachment energy (VDE0) of Ag3- (1Σg

+,
VDE0 ) 2.45 eV) from its equilibrium nuclear configuration
and the vertical photoionization potential (VIP) of linear Ag3

(2Σu
+, VIPlin ) 6.67 eV) and of the obtuse triangular (equilib-

rium) Ag3 (2B2, VIPtriang) 5.73 eV) provide central information
on the choice of the pump and the probe photon energies.
Regarding the pump process, the experimental data were
obtained for the one-photon pump energies Epu ) 2.95-3.13
eV,1-4 which considerably exceed VDE0 ) 2.45 eV. In this
context the information for reliable Franck-Condon factors
between realistic potential energy surfaces is significant. On
the basis of the information for the rather narrow distribution
of the Franck-Condon factors for the vertical photodetachment
energies (VDE) of Ag3- (shown in Figure 2 at 300 K) we infer

that in the energy range Epu ) 2.95-3.13 eV the excess photon
energy above the VDE is transferred to the kinetic energy of
the ejected electron, while the initial vibrational distribution of
Ag3 is essentially determined by the thermally averaged
vibrational overlap between Ag3- and Ag3. Regarding the probe
process with the two-photon probe energyEpr, the energetics is
limited by VIPtriange Epr e VIPlin, characterizing the ionization
probe detection window (Epr ) 5.73-6.67 eV) for the inter-
rogation of the dynamics from the linear to the bent structure
of Ag3. It is apparent that meaningful theoretical information
on energetics, Franck-Condon factors, and nuclear dynamics
requires the use of reliable high-quality potential energy surfaces.
Such information is crucial for the exploration of the time-
resolved spectroscopy and dynamics of covalent, semiconductor,
and metallic clusters.

Figure 1. Qx,Qy contour plots of the ground electronic PESs of Ag3
-,

Ag3, and Ag3+. (a, b) The PESs of Ag3- and Ag3 for a fixed value of
Qs ) 2.73 Å at the equilibrium geometry of the anion, showing the
regions around the minimum of the anion (a) and of the saddle point
of the neutral (b). (c, d) The PESs of Ag3 and Ag3+ for a fixed value
of Qs ) 2.81 Å, which corresponds to the equilibrium configuration of
the neutral. Saddle points are located atQx ≈ 1.4 Å, Qy ≈ -2.5 Å.
The minimum of the Ag3+ cation is atQx ) 0, Qy ) 0. The obtuse
triangular equilibrium geometry of Ag3 in the vicinity ofQx ) 0,Qy )
0 is 3-fold degenerate due to the Jahn-Teller effect.

Figure 2. Histogram of the vertical detachment energies (VDEs) of
the Ag3- anion at 300 K. The upper limit 2.45 eV of the distribution
is temperature independent, as it corresponds to the VDE0 value of the
equilibrium nuclear configuration of the anion.
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We have utilized the Wigner representation of the density
matrix introduced by Li, Fang, and Martens37 to simulate the
pump-probe signal, using classical molecular dynamics trajec-
tory calculations on “good” ab initio potential surfaces of the
Ag3-/Ag3/Ag3+ system. We have simulated pump-probe
signals under two different experimental conditions:
(1) Zero kinetic energy (ZEKE) of the emitted photoelectrons

induced by the pump and the probe pulse. This experimental
situation corresponds to NENEPO-ZEKE spectroscopy. The
transient photoionization signal is

wheretd is the delay time between the temporal peaks of the
Gaussian pump (pu) and probe (pr) pulses.Epu andEpr are the
pump and the probe energiespωpu and 2pωpr, respectively,
assuming for the latter a nonresonant character of the two-photon
probe ionization.V10 andV21 are the energy gaps between the
adiabatic PES of Ag3- and Ag3 and of Ag3 and Ag3+,
respectively. P00(q0, p0) represents the nuclear occupation
density on the Ag3- PES.
(2) Measurement of photoelectrons of arbitrary energy yields

the energy-averaged NENEPO signals, which are given by

Here the density of states in the ionization continuum is taken
to be energy independent. The NENEPO experimental
method,1-4 which interrogates the total electron or ion yield,
corresponds to this case.
From eqs 1 and 2 for the pump-probe photoionization signals

the following picture emerges. Initially, the cluster is prepared
in the ground electronic state 0 with the corresponding Wigner
distributionP00(q0, p0). P00(q0, p0) is sampled from a long-
time classical trajectory on the Ag3- anion PES for a given
temperature. This initial phase space density (“initial en-
semble”) is spectrally filtered by the pump process to state 1
by the third Gaussian of eqs 1 and 2, respectively, i.e., each
sampled phase space pointq0, p0 assumes a spectral weighting
factor. Subsequently, the filtered initial ensemble is classically
propagated on the PES of the Ag3 neutral (state 1) and is
spectrally filtered again by the delayed ionization to state 2.
This is expressed by the second Gaussian in the eqs 1 and 2.
The total time resolution of the signal is determined by the
pump-probe correlation function given by the first Gaussians
in eqs 1 and 2. We found34 that for sufficiently short laser pulses
(σpu e 100 fs) the influence of the pump step on the temporal
profile of the NENEPO-ZEKE and NENEPO signal is not very
pronounced for the Ag3-/Ag3/Ag3+ system. Accordingly, in
what follows we shall present only results forσpu ) 0, implying
that the spectral filtering in the pump step is disregarded and
that the total time resolution is somewhat enhanced. As we

are interested in the interpretation of the experimental NENEPO
signals1-4 for Epu ) 2.95-3.13 eV, which considerably exceed
VDE0 (the upper limit of the distribution in Figure 2), this
approach is adequate. The results of the complete pump-probe
simulations will be given elsewhere.34

4. Intracluster Collision, Onset, Evolution, and
Completion of IVR

Information on the dynamics of configurational relaxation
and onset of IVR was obtained from bunches of trajectories of
1.2 ps projected on aQs,Qx contour plot (Qy ) 0) of the neutral
Ag3 PES. Figure 3 shows two bunches of trajectories of the
50 and 300 K initial ensemble. The time evolution of the system
starts from the linear configuration aroundQs ) 2.7 Å andQx

) 1.37 Å in the flat region of the saddle point. With increasing
time the system runs down the valley toward the potential
minimum and becomes more bent. At the closest approach of
the terminal atoms, which is located in the Jahn-Teller region
aroundQs ) 2.7 Å andQx ) 0.1 Å, a strong repulsion sets in,
resulting in the reflection of the terminal atoms. This reaching
of the turning point on the PES corresponds to an intracluster
collision. Up to the intracluster collision no significant IVR
from the bending mode takes place. For the 50 K ensemble
(upper panel), the intracluster collision induces a sharp reflection
of the system from a motion along theQx bending coordinate
to a motion along theQs stretching coordinate. For the 300 K
ensemble (lower panel), the trajectories also assume aQx

component after the collision.
The time scales for configurational relaxation, onset, evolu-

tion, and completion of IVR were inferred from the ensemble-
averaged kinetic energy decomposed into normal modes. Figure
4 portrays this analysis for the 300 K ensemble with the
characteristic times being marked on the panels. From these
results we infer the following:

Figure 3. Bunches of trajectories of the 50 and 300 K ensemble
projected on aQx, Qs contour plot of the potential energy surface of
Ag3. Each bunch consists of 20 trajectories of 1.2-ps duration. The
trajectories have been selected at random from the entire ensembles of
1000 trajectories.
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(1) The initial configurational relaxation across the bending
coordinate prevails on the time scale 0-τCOLL

ON , whereτCOLL
ON is

the intramolecular collision time. The values ofτCOLL
ON were

inferred from the peak of the kinetic energy in the bending
mode.
(2) The intramolecular collision time isτCOLL

ON ) 710 fs.
(3) The onsetτIVR

ON is inferred from the threshold of the rise
of the kinetic energy of the symmetric stretching mode. The
τIVR
ON value coincides with the correspondingτCOLL

ON , clearly
showing that IVR is induced by the intramolecular collision.
(4) The IVR process is sequential, i.e., bending modef

symmetric stretching modef antisymmetric stretching mode.
(5) The time evolution of the kinetic energy in the bending

mode reveals dissipative IVR, while the 50 K ensemble (not
shown) reveals some resonance effects.
(6) The timeτIVR for the completion of IVR is manifested

by the saturation and equipartition of the kinetic energy in all
three modes, indicating vibrational equilibration. The IVR
process is complete on the time scaleτIVR ≈ 1.6-1.8 ps. It is
important to emphasize that dissipative IVR, leading to the
equilibration of the ensemble, prevails in a “small” triatomic
system (with similar vibrational frequencies). An interesting
question pertains to long recurrence times for the system, which
are considerably beyond the experimentally relevant time
regime.
(7) For the 50 K initial ensemble, the characteristic times

τCOLL
ON , τIVR

ON , andτIVR are all delayed by≈250 fs relative to the
corresponding time scales of the 300 K initial ensemble. The
increase of these characteristic times with decreasing anion
temperature reflects the lower initial velocities along the bending
coordinate at the lower temperature.
It is gratifying that the details of the nuclear dynamics of a

small system at a finite temperature can be elucidated, distin-

guishing between sequential processes of configurational changes
(along the bending coordinate), intramolecular collision, the
onset and evolution of IVR, and vibrational equilibration.

5. Femtosecond Pump-Probe Signals. Confrontation
between Theory and Experiment

The interrogation of the nuclear dynamics by pump-probe
spectroscopy requires the examination of the NENEPO-ZEKE
signals, eq 1, and NENEPO signals, eq 2, for the two-photon
ionization of Ag3 (Figure 5). The information emerging from
the NENEPO-ZEKE signals can be quantified in terms of the
following observables: (i) the incubation timetINC for the onset
of the signal; (ii) the timetM for the maximum of the signal,
(iii) the onsettL of the long-time behavior of the signal, i.e.,
when the signal is smoothed down to a constant level. In Figure
6a we summarize the temporal observables together with the
characteristic times obtained from the nuclear dynamics. From
the NENEPO-ZEKE data we infer the following:
(1) The incubation times are all shorter than the collision

times, i.e.,tINC e τCOLL
ON = τIVR

ON . Accordingly, the incubation
times (for all values ofEpr) probe the configurational change
across the bending coordinate.
(2) The decrease oftINC with increasingEpr is due to the

earlier arrival of the bending Ag3 system to the probe time
window.
(3) For high values ofEpr (=6.5 eV) with an early onset of

the probe time window, the hierarchy of the time scales istINC
e tM e τCOLL

ON = τIVR
ON . Under these circumstances a major part

of the signal reflects dynamics prior to the intracluster collision,
i.e., IVR-free dynamics. The NENEPO-ZEKE signal represents
the time evolution of the configurational change across the
bending coordinate. The temporal rise and fall of the signal
reflects the front and tail of the phase space density along the
bending coordinate, respectively. The temporal peak of the
signal,tM, corresponds to an obtuse triangular geometry with a

Figure 4. Time evolution of the kinetic energy in the normal modes
of Ag3 following the pump excitation of the 300 K initial ensemble.
The kinetic energies of the normal modes were obtained as averages
over the entire ensembles of 1000 trajectories. The characteristic times
τCOLL
ON (peak ofEkin in the bending mode),τIVR

ON (onset of the rise ofEkin
in the symmetric stretching mode), andτIVR (temporal range of the
completion of IVR) are marked in the panels.

Figure 5. Simulated NENEPO-ZEKE (a, b) and NENEPO (c, d) probe
signals for the 300 K initial ensemble. The probe energiesEpr are
indicated at each curve and the pulse durationsσpr are indicated in
each panel. The simulated signals in panels a-d are shown as solid
and dashed curves. The experimental signal (marked by X) of Wolf et
al.1 at Epr ) 5.90 eV is reproduced in panel c.
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bond angle of≈120° as compared to 180° for the initial
geometry of the Ag3- anion and 68° for the equilibrium
geometry of the neutral Ag3.
(4) For low values ofEpr (i.e., 5.8-6.0 eV) the value oftM

for the NENEPO-ZEKE signal is larger, so that the hierarchy
of the time scales istINC e τCOLL

ON e tM. The probed dynamics
until tM is now much richer with the signal fortINC e t e

τCOLL
ON reflecting structural bending prior to IVR, while on the
time scaleτCOLL

ON e t e tM the IVR occurs.
(5) At low Epr (e5.90 eV),tM for the NENEPO-ZEKE signal

is in the rangeτIVR
ON e tM e τIVR.

(6) The time tL, at which the NENEPO-ZEKE signal has
smoothed down to its long-time constant level, measures the
IVR time, i.e., tL ) τIVR. Of course,tL is nearly independent
of Epr.
The present experimental measurements of the NENEPO

signals1-4 involve the monitoring of the entire electron or
positive ion yield, so that the NENEPO-ZEKE signals are
integrated over the nearly constant density of continuum states
of the emitted photoelectron, Figure 5c,d. Accordingly, details
of the NENEPO-ZEKE signal are averaged out in part. The
following features (Figure 6a) of the NENEPO signals as
compared to the NENEPO-ZEKE signals should be noted:
(1) The incubation times are practically identical for the

NENEPO-ZEKE and for the NENEPO signals. Accordingly,
features (1) and (2) of thetINC for NENEPO-ZEKE signals hold
also for the NENEPO signals; i.e., the incubation times of the
NENEPO signals also decrease with increasing Epr and always
precede the intracluster collisions.

(2) There is a quantitative and qualitative difference between
the tM data and theirEpr dependence for the NENEPO and for
the NENEPO-ZEKE signals. For highEpr (≈6.50 eV) values
the peak of the NENEPO signal is exhibited at considerably
longer times than the corresponding NENEPO-ZEKE signal.
Thus when configurational bending dynamics is solely probed,
the accumulative continuum of the signal results in considerable
information loss. Only for low values ofEpr (5.8-6.0 eV) the
averaging effects ontM are not pronounced.
(3) For largerEpr the peak of the NENEPO signal is exhibited

at tM j τIVR, providing a lower limit forτIVR.
(4) The temporal onsettL for the constant signal is practically

equal for the NENEPO and for the NENEPO-ZEKE signals,
providing a measurement forτIVR.
(5) The effect of the spectral filtering is smeared out, so that

the temporal profile of the signal is nearly independent ofEpu.
From the foregoing analysis it is apparent that theoretical

information is crucial for the elucidation of the experimental
femtosecond pump-probe signals.1-4 Proceeding to the com-
parison between our simulations and experiment, we use the
data of the calculated NENEPO signals for the 300 K ensemble
with the probing pulse length of 100 fs. The gross features of
the experimental NENEPO signals1-4 are reasonably well
reproduced by our simulations (Figure 5c). The experimental
data of Wolf et al.1 at short delay times show an earlier rise
smearing out the onset predicted by us, the discrepancy may
be due to high-order (four-photon) direct ionization of Ag3

- to
Ag3+ by the pump pulse. The experimental results of Boo et
al.4 clearly exhibit the signal onset. We proceed now to a
detailed confrontation between theory and experiment. The data
extracted from the experimental signals of Wolf et al.1 and Boo
et al.4 have been summarized in Figure 6b together with the
simulated values at the initial Ag3- temperature of 300 K. This
is approximately the temperature in the work of Wolf et al.,1

while the anion temperature in the work of Boo et al.4 is e100
K (due to their liquid nitrogen-cooled ion source and supersonic
expansion). The temperature effects on the pump-probe
NENEPO signals are quite significant, e.g., at 50 K thetINC
values are higher by 200-300 fs relative to 300 K. Our
simulations cannot explain the differences between the experi-
mental data of Wolf et al.1 and of Boo et al.4 (Figure 6).
Accordingly, at the present stage we refrain from addressing
the temperature effects. From the simulated and experimental
data we conclude the following:
(1) From the work of Boo et al.4 the experimental incubation

times for Epr ) 6.04 eV andEpr ) 6.26 eV are in overall
agreement with our simulations. In the signals of Wolf et al.1

for the probe energies of 5.90 and 5.98 eV the incubation times
are smeared out, presumably due to high-order multiphoton
excitation of the anion.
(2) The experimental data for the timestM of the peak maxima

do not form a consistent picture. While the two data points of
Wolf et al.1 are at≈700 fs, three of the data points of Boo et
al.4 at 5.98-6.14 eV are at≈1000 fs, and a further data point
for Epr ) 6.26 eV is at≈700 fs. Our simulations for the
NENEPO signals predict an increase oftM with increasingEpr.
This trend is not exhibited by the experimental data, although
four out of six data points can be considered to be in satisfactory
agreement with the simulatedtM values.
(3) The three experimentaltL values of Boo et al.4 for Epr )

5.98, 6.04, and 6.14 eV are in the range 1.7-1.8 ps, being in
good agreement with our simulations oftL and with the values
of τIVR.

Figure 6. Summary and comparison of the simulated and experimental
characteristic time scales of the neutral Ag3 for different values of the
probe energy (Epr). (a) The simulated data. The characteristic times of
the NENEPO and NENEPO-ZEKE signals, i.e., the incubation times
tINC, the timestM at which the signals assume their maximum intensity,
and the timetL at which the signals reflect equilibration, are shown
together with the onsetτIVR

ON and the completenessτIVR of IVR.
Horizontal arrows represent intervals oftL andτIVR since they can be
only approximately specified. The data fortINC and fortL are identical
for the NENEPO-ZEKE and NENEPO signals. The data fortM are
different for the two types of signals, as marked by the curves. (b) A
comparison of the simulated NENEPO signals (filled symbols) with
the experimental data (open symbols) of Wolf et al.1 and Boo et al.4

The data points in (a) and (b) are connected by straight lines to guide
the eye.
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Our theoretical analysis predicts some new features of the
dynamics which were not yet subjected to an experimental test.

(1) NENEPO-ZEKE Signals. The pump-probe femtosec-
ond spectra with NENEPO-ZEKE detection will provide useful
novel information for the separation between configurational
relaxation (highEpr) and IVR (lower Epr) dynamics. This
difficult experiment will provide a critical scrutiny of the
dynamics.

(2) Initial Ensemble Temperature. The dependence of the
nuclear dynamics manifested in NENEPO signals on the initial
Ag3- ensemble temperature will be of interest. This will require
the control of the Ag3- temperature by proper cooling or by
infrared laser heating.

(3) Vibrational Coherence. The utilization of shorter (σpu
) 20 fs) probe pulses will provide novel information on
vibrational coherence effects predicted by us at 300 K. As
apparent from Figure 5 for the 300 K ensemble, in the IVR
regime the signals reveal oscillatory features at probe energies
of 5.90 and 6.10 eV, indicating the signature of vibrational
coherence induced by intracluster collisions. In contrast, the
50 K ensemble does not show marked vibrational coherence.34

The analysis of this counterintuitive result in terms of energy
gap oscillations will be given elsewhere.34 The temporal spacing
of the peaks is not equidistant and lies in the range 100-150 fs
(Figure 5). The quantum beat pattern of the ensemble-average
signal manifests the participation of the stretching modes
(harmonic vibrational period of the symmetric and antisymmetric
stretching modes: 193 and 295 fs, respectively). This consti-
tutes another example of vibrational coherence induced by
intracluster collision, which manifests a general phenomenon
in the realm of ultrafast cluster dynamics. Analogous phenom-
ena pertain to cage effects in the dissociation of I2 in ArN
clusters9-11 and impact induced vibrational coherence induced
by “cage” and “bubble” formation around extravalence Rydberg
excitation in Xe*ArN clusters.5,6

Our theoretical treatment has to be extended in several
directions. First, the inclusion of nonadiabatic effects in the
vicinity of the minimum of the neutral triangular structure, where
the crossing of the potential surfaces2B2 and2A1 occurs, requires
a more elaborate treatment. Second, in our approach the
presence of intermediate states for which resonance effects can
occur at some probe energies has not been considered. Such
resonance effects are expected to modify both the intensity
dependence on the probe energy as well as the time profile of
the signal. Third, the extension of the theoretical exploration
of multistate nuclear dynamics for NENEPO signals of larger
systems will modify the temporal interplay between configu-
rational relaxation and IVR dynamics, manifesting IVR at
shorter time scales than for the “small” Ag3

- system studied
herein.
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