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Abstract. We present results on the ultrafast dynamics of mass-selected neutral Agy clusters using NeNePo
(negative ion - neutral - positive ion) femtosecond pump-probe spectroscopy. One-color pump-probe spectra
of the Ag} /Ags/Ag] system measured at 385 nm and an internal cluster temperature of 20 K display a
complex beat structure over more than 60 ps. The oscillatory structure is attributed to vibrational wave
packet dynamics in an excited “dark” state of neutral Ags. A dominant 740 fs wave packet period as well
as wave packet dephasing and rephasing are observed in the spectra. Fourier analysis of the spectra yields

a group of frequencies centered around 45 cm™*
vibrational mode.

and an anharmonicity |2voxe| of 2.65 cm™" for the active

PACS. 36.40.-c Atomic and molecular clusters — 33.15.Mt Rotation, vibration, and vibration-rotation
constants — 33.80.Eh Autoionization, photoionization, and photodetachment

1 Introduction

The development of ultrafast spectroscopic techniques has
enabled scientists to probe dynamical processes in mat-
ter with unprecedented temporal resolution [1-3]. NeNePo
(negative ion - neutral - positive ion) femtosecond pump-
probe spectroscopy is a versatile tool to study nuclear dy-
namics on the potential energy surface (PES) of mass-
selected, isolated neutral clusters and molecules in real
time [4,5]. In comparison to femtosecond pump-probe ex-
periments on (neutral) molecular beams three main ad-
vantages may be pointed out. (1) Mass selection prior to
interaction with the laser field uniquely identifies the sig-
nal carrier even when highly fragmentative systems are
investigated. (2) Photodetachment of the anion often al-
lows to populate regions of the neutral PES by vertical
transitions, which are not accessible by photoabsorption
of the neutral species. (3) Due to the different selection
rules for photodetachment of the anion compared to pho-
toabsorption of the neutral species so-called “dark” states
can be accessed.

NeNePo femtosecond pump-probe spectroscopy was
pioneered by Woste and coworkers, who studied the iso-
merization reaction from linear to cyclic Ags in real
time [4]. This experiment stimulated further experimen-
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tal [5-8] and theoretical efforts [9-12], which allowed for a
detailed description of the rearrangement process on the
ground state PES of the silver trimer. Experimental and
theoretical efforts were then extended to larger silver clus-
ters [13-15]. Yannouleas and Landman predicted that the
NeNePo scheme should be useful to characterize low fre-
quency vibrations in Agi4, manifested by coherent revivals
in the Agy4* signal [15]. However, no recurrences were ob-
served in the experiments on Ags and larger uneven num-
bered silver clusters. In Ags this was attributed to reso-
nant intramolecular vibrational energy distribution (IVR)
taking place on a time scale of a few ps, i.e., on a similar
time scale as the turnaround time of the vibrational wave
packet [12]. For larger metal clusters IVR is expected to be
even faster, due to the increase of the degrees of freedom
with cluster size. The question thus arises, if NeNePo fem-
tosecond pump-probe spectroscopy can be used to monitor
nuclear dynamics in larger metal clusters or if energy dis-
sipative effects result in a too rapid dephasing of the wave
packet motion and thus mask its spectral signature?

In the present study we present the NeNePo spectra
of the Ag, /Ags/Ag] system. The energetics of this sys-
tem have been studied in some detail both experimentally
and theoretically. The 351 nm anion photoelectron spec-
trum of Ag, reveals three peaks at binding energies of
1.65 eV, 2.39 eV, and 2.76 eV assigned to the ' 4, ground
state and 3Blg and lBlg excited states of neutral Agy
with rhombic geometry (Dgp) [16-20]. Fluorescence and
excitation spectra of Agy deposited in an argon matrix
as well as anion photoelectron spectra recorded at higher
photon energies reveal additional excited states of Agy at
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higher energies [21,22]. An ionization energy of 6.65 eV
for Agy has been deduced from electron impact ioniza-
tion measurements [23]. Theoretical calculations predict
rhombic Do, ground state geometries for all investigated
three charge states [24-28].

The present study is a continuation of our efforts on
studying the dynamics and reactivity of noble metal clus-
ters, which have received considerable attention, e.g., due
to the important role these clusters play in catalytic and
photographic processes [29,30]. The paper is structured as
follows. After a brief description of the experimental ap-
paratus, we present the results of real time measurements
of the Ag; /Ags/Agl system combined with an interpre-
tation and discussion of the data. We conclude with an
outlook on future experiments.

2 Experimental methods

The pump-probe experiments were performed in a mod-
ified guided ion beam apparatus using ultra-short laser
pulses from a regeneratively amplified femtosecond laser
system. Both have been described previously, and only the
salient features will be summarized [7,8].

The ultrashort laser pulses are generated by a Nd:YLF
laser-pumped regenerative amplifier (Quantronix 4800),
seeded by a titanium-sapphire oscillator (Spectra Physics
Tsunami) which is pumped by a Nd:YAG laser (Spectra
Physics Millennia V). After an additional multi-pass am-
plifier tunable pulses in the wavelength range from 765 nm
to 845 nm with energies of up to 1.6 mJ at a repetition
rate of 1 kHz are generated. The light is frequency doubled
in a 0.5 mm thick BBO crystal, resulting in band-width
limited pulses with a duration of 130 fs. The laser beam is
then divided by a beam splitter. One beam passes through
a computer-controlled delay stage and is recombined with
the other beam. Before being introduced collinearly with
the quadrupole arrangement through the detector flange
of the quadrupole system both beams are focused with a
100 cm lens into the center of the ion trap.

Silver clusters are generated in a modified cold re-
flex discharge ion source (CORDIS). Negatively charged
clusters are guided into a He-filled quadrupole ion guide,
which collimates the ion beam and cools the initially hot
ions to room temperature. Subsequently, the cluster ions
of interest are mass-selected by a quadrupole mass filter.
Mass-selected ions are guided via a second quadrupole ion
guide into a temperature-controlled, He-filled octopole ion
trap. The He pressure inside the trap is 0.1 mbar, which
assures a sufficient amount of collisions (~ 5 x 106 s71)
to thermalize the injected cluster anions to the ambient
temperature. The trapped anions interact with the laser
light. Light absorption can lead to photodetachment fol-
lowed by photoionisation of the mass selected clusters.
Positively charged ions are no longer confined along the
axis of the octopole and are extracted from the trap. Clus-
ters leaving the trap via the exit lens enter a second mass
selecting quadrupole. The yield of mass-selected cations
is measured by a subsequent off-axis conversion dynode
detector.
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Fig. 1. One-color NeNePo spectra of Ag, recorded at Amaz =
385 nm and a mean anion temperature of 20 K. Trace A (top
right) shows the uncorrected, mass selected Ag} yield. Trace B
(center) is a composite of two measurements and the signal has
been corrected for the following FFT analysis (see text).

3 Results

One-color (hvpymp = hVprove) NeNePo spectra of Agy
(432 amu) measured at Ayq,; = 385 nm and a mean anion
temperature of 20 K are shown in Figure 1. Trace A (top
right) shows the (uncorrected) mass selected Ag} yield
as function of the delay time At between the pump and
probe pulses from —4.9 ps to +4.9 ps in steps of 20 fs.
The spectrum was normalized to the highest peak in the
spectrum. At = 0 fs was calibrated using the well known
NeNePo spectra of Agz . It can also be identified by the
sharp interference pattern due to the temporal and spatial
overlap of the two pulses. The pulse energy for both pulses
was 7 ud.

Trace B is a composite of two measurements covering
delay times from —20 ps to +20 ps and 420 ps to +65 ps.
These spectra were measured with pulse energies of 7 uJ
for the pump pulse and 23 pJ for the probe pulse (at posi-
tive delay times). The spectra have been baseline corrected
and transformed for the following fast Fourier transforma-
tion (FFT). This procedure has been described in detail
elsewhere [31]. The raw spectra were normalized in such
a way that the observed beat structure oscillates around
zero. To this end a mean ion intensity averaged over 4 ps
is determined and subtracted from the data set.

Trace A in Figure 1 shows a pronounced oscillatory
structure, characterized by a period of ~ 740 fs. The
widths of the peaks are ~ 290 fs. The intensity of the max-
ima decrease for larger values of |At|. Additional, weaker
structures are observed at delay times > 2.8 ps overlap-
ping the 740 fs beat structure. Note, that the oscillation
in the signal intensity, which comprises up to 45 percent
of the total signal, is superimposed on a constant signal
background. The signal background stems from Ag;f pro-
duction by a single laser pulse. Because we focus the laser
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beams into the center of the ion trap, the cross section for
photodetachment followed by photoionization of the Agy
clusters is not negligible.

Trace B in Figure 1 shows oscillations in the cor-
rected Agi signal up to 60 ps, with decreasing intensity.
Pronounced partial recurrences are observed at irregu-
lar intervals centered at 6, 12, 16, 20, 27 and 33 ps. At
longer delay times oscillatory structure is still observed,
but the decreasing signal-to-noise ratio makes a more de-
tailed characterization of the structure increasingly diffi-
cult. Comparison of the data at positive delay times with
the data at negative delay times shows a weak depen-
dence on laser power. Positive delay times correspond to
E(hvpump) =7 pd and E(hvprope) = 23 J and a roughly
two times larger oscillatory signal is observed than for
the reversed pulse sequence at negative time delays. More
signal at positive delay times therefore indicates that an
additional photon is required in the photoionization step
compared to the photodetachment step.

The spectra in Figure 1 strongly resemble the pump-
probe spectra of the related neutral alkali metal dimers
and trimers measured in a molecular beam [31-33]. In
these experiments pronounced oscillations in the ioniza-
tion yield were interpreted in terms of vibrational wave
packet dynamics. An ultrashort pump pulse generated a
localized wave packet on an excited potential energy sur-
face of the neutral. The wave packet motion was then
probed by a second ultrafast pulse. The “location” of the
wave packet could be characterized, due to a strong de-
pendence of the ionization cross section on the normal co-
ordinate of the involved vibrational mode(s), i.e., on the
relative position of the nuclei. Based on similar arguments
we identify the main features in Figure 1 to result from
vibrational wave packet dynamics on a potential energy
surface of neutral Agy. A more detailed assignment will
be discussed later. Assuming a single vibrational mode the
roundtrip time of the wave packet is 740 £+ 50 fs, yielding
a mean vibrational frequency of 4544 cm~!. We attribute
the recurrences to effects of the anharmonicity of the po-
tential, on which the wave packet propagates, resulting in
dephasing and rephasing of the wave packet with time [34].
Complete recurrences are not observed. This is attributed
to energy dissipative effects, mainly, IVR.

In order to characterize the main frequency compo-
nents responsible for the oscillatory structure observed,
the time domain spectrum was converted into the fre-
quency domain using a standard fast Fourier transforma-
tion algorithm. In Figure 2 the FFT amplitude of trace B
shown in Figure 1 is displayed as a function of energy.
The dominant feature consists of several peaks centered
around 45 cm~!. At least eight peaks can be identified in
the region from 32 to 60 cm~!. Additional features are
observed at 29 cm™! (peak B) and at higher energies up
to 100 ecm™!, in particular at 96 cm~! (peak C).

Peaks A; to Ag in Figure 2 are assigned to the dif-
ference in energy between adjacent vibrational levels of
a single vibrational mode. If we denote the vibrational
quantum number with v then this corresponds to the en-
ergy difference between levels with Av = +1. Assuming
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Fig. 2. Fast Fourier transform of trace B shown in Figure 1 for
a spectral range from 20 cm™' to 115 cm ™!, whereas the insert
shows the same sequence in a range from 0 cm™" to 520 cm™".
The Fourier amplitude is plotted as a function of energy. See

text for description of peak labels.

a Morse potential, for which the vibrational energy level
spacings AG(v) are defined as

AG(v) = v [1 = 2xe (v +1)],

a linear least square fit yields an anharmonicity (slope) of
|2v0Xe| = 2.65 & 0.05 cm~!. Determination of the anhar-
monicity constant is not straight forward, as no experi-
mental evidence for the v = 0 level of this mode is avail-
able. The weak features observed in the region between
75 cm ™! to 100 cm ™!, é.e., at roughly twice the mean fre-
quency of 45 cm™!, may then be assigned to vibrational
energy level spacings with AG(v) = +2. The feature at
29 cm~! (peak B) cannot be assigned.

4 Discussion

We now discuss the underlying energetics involved in the
observed wave packet dynamics in neutral Agy. The an-
ion photoelectron spectra of Ag, show that three states
of neutral Ag, are populated by a one photon process us-
ing 385 nm (3.22 eV) photons. These are the ' A, ground
state and the 3Blg and lBlg excited states of rhombic Agy
with vertical detachment energies of 1.65 eV, 2.39 eV, and
2.76 eV, respectively [17]. We thus narrow our following
discussion to only involve these three states of neutral Agy.
Multiphotonic photodetachment processes are in principle
possible, but neglected in the following discussion due to
their considerably smaller cross section compared to one-
photon processes.

From each of the three mentioned states of neutral Agy
ionization into the rhombic 2Bs, ground state of Ag} is
allowed by a one-electron process [17]. The experimentally
determined ionization energy of Ag, is 6.65 eV. Therefore
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only the two excited states 3Blg and 1Blg may be ionized
by a two photon process using 385 nm photons, while three
385 nm photons are required for ionization of the neutral
ground state. Furthermore, the observation of oscillations
in the NeNePo spectra require a dependence of the ion-
ization cross section on the position of the nuclei, such
that the ionization probability for one arrangement of the
nuclei is considerably different from the ionization prob-
ability of another arrangement. In terms of wave packet
dynamics these nuclear arrangements may be visualized as
a wave packet, which is predominantly localized at either
the inner or outer turning point of the PES it is propagat-
ing on. Thus the photoionization energy should be in the
vicinity of the vertical ionization potential. This holds for
331g and 1Blg states but not the 1Ag ground state.

Ab initio calculations on the harmonic frequencies of
the low-lying electronic states of rhombic Agy clearly fa-
vor the excited states 3Blg and lBlg over the 1Ag state
to be involved in the observed wave packet dynamics [35].
In general, only totally symmetric modes of the neutral
cluster may be directly excited upon photodetachment.
Among the six normal modes of rhombic Agy, only two of
them, both in-plane ring-breathing modes, have a, sym-
metry. The calculated frequencies for the la, mode are
196 em™! (1Ay), 144 ecm™! (3Byy,) and 142 cm™! (1 Byy).
The calculated frequencies for the 2a, mode are 114 cm ™!
(*4,), 53 ecm™! (®By,) and 50 cm~! (! Bj,). Reasonable
agreement with the present experiment (45 cm™1!) is only
found for the 2a, mode of either the 3Blg or lBlg electron-
ically excited state of Agy. These calculations also confirm
the pronounced anharmonicity of this vibrational mode.

We conclude that the oscillations observed in the
NeNePo spectra of Ag, are due to vibrational wave packet
dynamics in the 2a, mode of either the 3By, or !By,
‘dark’ electronically excited state of rhombic Agy. A lo-
calized wave packet is created on the electronically ex-
cited PES of neutral Ag, by one-photon detachment of
Ag in its electronic ground state. The wave packet mo-
tion is then probed by a two-photon photoionization step
to the ground state of Agl. The 2a, mode was not re-
solved in the previous anion photoelectron spectroscopy
studies, due to its low frequency of 45 cm™!, which lies
below the energy resolution (> 80 cm™!) of conventional
anion photoelectron spectrometers.

The present results demonstrate the first successful ap-
plication of femtosecond NeNePo spectroscopy to study
the wave packet dynamics, manifested by a beat struc-
ture in the cation yield, in real time in a “purely” bound
potential, in contrast to the previous transition-state ex-
periments on the silver trimer which connected linear with
triangular structures. The spectra enable us to precisely
characterize a selected vibrational mode with a resolu-
tion, which is superior to that of conventional frequency
domain techniques that have been applied to the study
of the silver tetramer. We are planning to extend these
studies and access the vibrational wave packet dynamics
in the ground state of Agy. Experimental modifications
necessary for this experiment are currently in progress in
our laboratory and when finished they will enable us to
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use shorter pulses (40 fs) and continuously tune the pulse
wave length in the region from 250 nm to 2600 nm.
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