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Nuclear quantum dynamics on the ground
electronic state of neutral silver dimer 107Ag109Ag
probed by femtosecond NeNePo spectroscopy†

Jiaye Jin, * Max Grellmann and Knut R. Asmis *

The nuclear quantum dynamics on the ground electronic state of the neutral silver dimer 107Ag109Ag are

studied by femtosecond (fs) pump–probe spectroscopy using the ‘negative ion – to neutral – to positive

ion’ (NeNePo) excitation scheme. A vibrational wave packet is prepared on the X1S+
g state of Ag2 via

photodetachment of mass-selected, cryogenically cooled Ag2
� using a first ultrafast pump laser pulse.

The temporal evolution of the wave packet is then probed by an ultrafast probe pulse via resonant multi-

photon ionization to Ag2
+. Frequency analysis of the fs-NeNePo spectra obtained for a single isotopolo-

gue and pump–probe delay times up to 60 ps yields the harmonic (oe = 192.2 cm�1), quadratic

anharmonic (oexe = 0.637 cm�1) and cubic anharmonic (oeye = 3 � 10�4 cm�1) constants for the X1S+
g

state of neutral Ag2. The fs-NeNePo spectra obtained at different pump wavelengths provide insight into

the excitation mechanism. At a pump wavelength of 510 nm instead of 1010 nm, resonant excitation of

a short-lived electronically excited state of the anion followed by autodetachment results in population

of higher-energy vibrational levels of the neutral ground state. In contrast, at 1140 nm dynamics with a

slightly shorter beating period and different relative phase are observed. The present study demonstrates

that isotopologue-specific fs-NeNePo spectroscopy provides accurate vibrational constants of mass-

selected neutral clusters in their electronic ground state in the terahertz spectral region, which remains

difficult to obtain directly in the frequency domain with any other type of spectroscopy of comparable

sensitivity.

1. Introduction

Metal clusters possess remarkable photoelectric and catalytic
properties, making them subject of current research.1,2 Studies
on metal clusters isolated in the gas phase are particularly
important. They do not only provide detailed information on
their intrinsic properties, like geometric and electronic struc-
ture, molecular vibrations, bonding energies and time scales
for internal energy redistribution in the absence of a perturbing
environment, but also represent ideal model systems for
benchmarking modern quantum chemistry methods.3–5

The geometric structure of clusters in the gas phase can be
probed by various spectroscopic techniques, of which infrared
action spectroscopy is probably one of the most powerful and
generally applicable methods.6–8 However, the fundamental
vibrational frequencies of small metal clusters lie in the far-

IR region and therefore such experiments in the frequency
domain are typically limited to free-electron-laser facilities.7 A
complementary approach to obtain vibrational information is
femtosecond (fs) pump–probe spectroscopy.9–11 Here, ultrafast
laser pulses are used to generate a vibrational wave packet and
probe its time evolution. The obtained transient traces provide
fruitful information for investigating coherent nuclear motion
on a particular potential energy surface (PES) as well as energy
flow over multiple PESs on a femtosecond to picosecond (ps)
time scale.

Femtosecond pump–probe experiments have been exten-
sively applied to study excited electronic states of metal clusters
in the gas phase.4,9,12 From such experiments, in which the
transient signal is typically monitored by detecting either
photoabsorption, photoemission, photoelectron emission or
fragment-ion formation, information on low-energy vibrational
frequencies and even anharmonicities can be obtained.13,14

Characterizing vibrational coherences on the ground state
PES of neutral molecules is more challenging, but can be
achieved, for example, by impulsive stimulated Raman
scattering,15 pulse interference,16 and dump-pump excitation
schemes.17,18 However, experiments on neutral clusters
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typically suffer from the lack of mass selection prior to laser
irradiation. The negative-neutral-positive (NeNePo) excitation
scheme overcomes this limitation.19 Mass-selected anions are
excited with a first femtosecond laser pulse centred at a suitable
wavelength, leading to (single photon) photodetachment of an
electron and the preparation of a wave packet on the electronic
ground state of the neutral species. The nuclear dynamics are
then probed by a second, time-delayed femtosecond laser
pulse, which ionizes the neutral species, typically in a resonant,
multiphoton process. The mass-selected cation yield as a func-
tion of the delay time between pump and probe pulse yields the
fs-NeNePo spectrum. Fs-NeNePo spectroscopy has been mainly
applied to study the wave-packet dynamics of neutral metal as
well as metal-containing clusters, namely, Agn (n = 2, 3, 4, 5
and 9),19–25 Ag2Au,26 and Cu(H2O)1,2.27,28

Here we combine two-color fs-NeNePo spectroscopy with a
cryogenic ion trap tandem mass spectrometer29 to characterize
the wave-packet dynamics on the electronic ground state of the
silver dimer 107Ag109Ag, isotopologue-specifically for the first
time. Previous, lower frequency resolution single-color NeNePo
experiments revealed quantum beats with a period of 180 fs up
to delay times of 2.5 ps, corresponding to a vibrational fre-
quency of roughly 185 cm�1.20,30,31 In the present study, we
probe a single isotopologue at considerably longer delay
times, up to 60 ps, observe multiple recurrences of the vibra-
tional wave packet involving the 22 lowest vibrational levels and
hence obtain more detailed vibrational information with high
frequency resolution (0.5 cm�1), including higher-order vibra-
tional constants, together with new insights into the photo-
excitation mechanism.

2. Methods

The experiments were performed using a home-built tandem
mass spectrometer with an integrated and temperature-
controllable radio-frequency linear quadrupole ion trap and
ultrashort laser pulses produced from an amplified Ti:sapphire
femtosecond laser system.

2.1 Tandem mass spectrometer

The experimental setup (shown in Fig. 1) is similar to that used
in previous NeNePo studies with the exception of a newly
installed cryogenic quadrupole ion trap.19–21,24,26 Silver
cluster anions are produced by aggregation using a silver target
(99.99%, Kurt J. Lesker) as the anode of a DC magnetron
sputtering source (TORUS, Kurt J. Lesker) enclosed in a liquid
nitrogen cooled source chamber. The plasma is produced and
stabilized by applying a continuous argon (99.999%, Air
Liquide) and helium (99.999%, Air Liquide) gas flow. The beam
of neutral and ionic particles expands through a 7 mm dia-
meter nozzle and subsequently through a 2 mm diameter
skimmer, which is held at a sufficiently positive potential in
order to repel cationic species. The beam of anions is colli-
mated in a He-filled radio frequency (RF) decapole ion guide
(Q0 in Fig. 1), then deflected into 901 by the quadrupole ion
deflector D0 into the first RF quadrupole mass filter Q1. Silver
dimer anions, corresponding to the isotopologue 107Ag109Ag�,
are mass-selected by the first quadrupole mass filter, deflected
into 901 by the deflector D1 and continuously accumulated in a
helium-filled linear quadrupole ion trap Q2 (0.20 mbar partial
pressure). Q2 is directly attached to the second stage of a closed-
cycle He-cryostat (Sumitomo SRDK-408E2, F50H compressor).
The trap temperature is controlled using a Cernox sensor and a
heating cartridge connected to a Lake Shore Model 335 tem-
perature controller. Collisions with the He buffer gas therma-
lize the trapped anions close to the trap temperature, which is
held at 20 K.

The pump and probe femtosecond laser pulses are applied
along the ion-trap axis and focused near the center of the ion
trap. The trapped anions can absorb photons, leading to
photodetachment of electrons and subsequent photoionization
of neutral clusters. Positively charged ions are no longer con-
fined along the trap axis and are expelled from the trap. Cations
leaving the trap via the exit lens are deflected into 901 (D2) and
focused into a second mass-selecting quadrupole mass filter
(Q3). The yield of mass-selected cations is measured by a
subsequent off-axis electron multiplier detector (EM). NeNePo

Fig. 1 Experimental scheme of the linear quadrupole ion-trap tandem mass spectrometer (see text for details). D0–2: electrostatic 901 quadrupole
deflectors; Q0: radiofrequency decapole ion guide; Q1,3: quadrupole mass filters; Q2: cryogenically cooled, radio-frequency linear quadrupole ion trap;
EM: channel electron multiplier detector with conversion dynode. The pump and probe femtosecond laser pulses propagate along the ion-trap axis.
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spectra are obtained by monitoring the mass-selected cation
counts for 2000 ms as function of the delay time between two
femtosecond laser pulses with a step interval of 20 fs.

2.2 Laser system

The ultrafast laser setup is shown in Fig. 2. A chirped-pulse
Ti:sapphire regenerative-amplifier system (Solstice Ace, Spectra
Physics) is used to generate a linearly polarized femtosecond
laser pulse centred at 800 nm, with a duration of approximately
35 fs, at a repetition rate of 1 kHz and with pulse energy of 7 mJ.
The beam is then split into two arms (a pump and a probe arm)
using a 50–50 beam splitter. In the pump arm, the photode-
tachment pulse, tunable in wavelength between 510–1140 nm
(1.1–2.4 eV), is generated using an ultrafast optical parametric
oscillator/amplifier laser system (OPA, TOPAS Prime, Light
Conversion) combined with a wavelength extender (NIRUVIS,
Light Conversion). In the probe arm, the photoionization probe
pulse (402 nm, 3.1 eV) is obtained by frequency doubling of the
800 nm pulse in a harmonic generation unit (S/T-HG, Spectra-
Physics) and sent through a prism-pair compressor to minimize
group-velocity dispersion. The probe pulse is then directed onto
a linear translation delay stage (DLS225, Newport), which
produces a variable delay time relative to the pump pulse.
The minimum delay-time step on the delay stage is 1 fs. The
relative light polarization of the probe pulse to the pump pulse
is controlled by a MgF2 l/2 waveplate (EKSMA Optics). The
duration of the pulses is measured using an autocorrelator
(Mini TPA, A.P.E.). Typically, the duration of the pump pulse is
approximately 35–50 fs full width at half maximum (FWHM)
(sech2), while the duration of the probe pulse is about 30–40 fs
(sech2). The frequency spectra of the pulses are characterized by
a compact CCD spectrometer (CCS200, Thorlabs). Two pulses
are collinearly combined and propagate along the ion-trap axis
through a thin CaF2 lens (f = +1000 mm), resulting in a 0.35 mm
diameter focal point of the 402 nm radiation. The time zero
(delay time = 0 fs) between the two laser pulses is determined by
measuring the current (via a picoammeter, Keithley Model
6485) on a retractable copper plate mounted in the vacuum
on which the two pulses interfere.

2.3 Frequency analysis

Frequency analysis of the oscillatory part for NeNePo spectra is
performed by using a fast Fourier transform (FFT) or a short
time windowed Fourier transform (STFT) with a suitable win-
dow interval. First, the oscillatory part of the spectrum is
extracted by removing the background using the symmetric
least-square method.32,33 A Kaiser window function (a = 4.5) is
used to balance the main-lobe width and side-lobe level. Zero
values are padded to the oscillatory part until 23 times the data
length, in order to minimize the influence of a non-integral cut
of the period. The period and the initial phase are determined
by fitting the oscillatory components to a sinusoidal function
containing an exponential damping term, f (t) = Ae�t/t sin(2p/T +
f), where A is the oscillation amplitude, t is the dephasing life
time, T is the period of the oscillation, and f is the initial phase
of the oscillation.

2.4 Excitation scheme

The excitation scheme used in the present experiments is
shown in Fig. 3. The first linear polarized femtosecond laser
pulse (pump pulse), centred at a wavelength of 510 nm (band-
width: 9.6 nm, pulse energy: 1 mJ) and with a pulse duration of
45 fs, photodetaches an electron from Ag2

�, launching a

Fig. 2 Schematic of the laser setup (see text for details) used for gen-
erating fs pump pulses (red path) for photdetachment and temporally
delayed probe pulses (blue path) for photoionization.

Fig. 3 NeNePo pump–probe excitation scheme for the silver dimer over
three charge states (blue: anion, orange: neutral, green: cation). Mass-
selected Ag2

� anions X2S+
u are photodetached by the first ultrafast laser

pulse (red arrow) to the electronic ground state of neutral Ag2 X1S+
g. The

wave-packet dynamics are probed by a second, delayed ultrafast laser
pulse (purple arrows) via 1 + 2 resonance-enhanced multiphoton ioniza-
tion. The potential energy curves correspond to the Morse potential
obtained from the published molecular constants.30,34–38
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vibrational wave packet exclusively on the neutral electronic
ground state of Ag2 (X1S+

g).34–36 The corresponding photon
energy (2.43 eV) substantially exceeds the electron affinity
(EA) of Ag2

� (1.1 eV),34–36 but remains below the first triplet
excited electronic state of Ag2 (a3S+

u), predicted 1.6 eV above the
X1S+

g state.20,37 The evolution of the nuclear motion is then
probed using a second femtosecond laser pulse (probe pulse,
centred at 402 nm, 40 fs, 5.0 nm FWHM, 1.5 mJ), linearly
polarized at the magic angle to the pump pulse, in order to
avoid rotation dynamics, which resonantly ionizes neutral Ag2

by 1 + 2 multiphoton ionization via the strong A1S+
u ’ X1S+

g

transition.30,38 Cations are automatically expelled from the ion
trap and are subsequently mass-selectively detected as a func-
tion of the delay time. The fs-NeNePo spectrum is frequency-
analysed using fast Fourier transformation with a resolution
down to about 0.5 cm�1 (delay time E 60 ps).

3. Results

The obtained fs-NeNePo spectrum is shown in Fig. 4a over the
complete range of delay times (�3 ps to 61 ps) and with an
interval of 20 fs. The other panels (Fig. 4b–d) contain magnified
sections of the transient trace. For negative delay times, i.e.,

when the probe pulse arrives prior to the pump pulse, the fs-
NeNePo spectrum (see Fig. 4b) shows a low and constant signal
of Ag2

+ cations, indicating that cation formation is inefficient
and without clear time-dependence. A sharp rise in cation
signal is observed within 180 fs around time zero, followed by
clear oscillatory features. The first maximum of the Ag2

+ signal
appears at a delay time of 180 fs, longer than the width of the
cross-correlation signal of the two femtosecond pulses and
hence reflecting the motion of the wave packet. The oscillatory
component of the Ag2

+ signal has a period of about 180 fs and is
attributed to vibrational wave-packet dynamics on the ground
state potential, consistent with the previous, single-color fs-
NeNePo study using 400 nm laser pulses.20 The fs-NeNePo
spectrum obtained monitoring the monomer 107Ag+ exhibits a
first maximum at 220 fs (see Fig. S1 in ESI†) followed by the
same period of about 180 fs, indicating a different Frank–
Condon window for the formation of Ag+ fragment. The oscil-
latory part of the Ag2

+ signal fades out after about E4 ps, but
reappears for delay times of 27 ps (Fig. 4c) and 54 ps (Fig. 4d)
with periods of 180 to 200 fs. These wave packet recurrences are
clear signatures of the anharmonicity of the potential.

We also measured fs-NeNePo spectra of the pump pulse
centred at 1010 nm (1.23 eV), i.e., with photon energies close to
the vertical detachment energy (VDE) of Ag2

�. These transient
traces are shown in Fig. 5b in the delay time range from�0.1 ps
to 2 ps. We observe a similar signal to that obtained at 510 nm
(Fig. 5a), also at longer delay times (see Fig. S2, ESI†). A pump

Fig. 4 (a) Two-color fs-NeNePo spectrum (lpump = 510 nm, lprobe =
402 nm, magic angle polarization) for the Ag2

�/Ag2/Ag2
+ obtain by

monitoring the 107,109Ag2
+ cation signal over a delay time range from �3

to 61 ps. (b)–(d) Magnified section of the fs-NeNePo spectrum shown in
(a) for delay times of (b) �1 ps to 5 ps, (c) 24 ps to 30 ps (first recurrence)
and (d) 51 ps to 57 ps (second recurrence).

Fig. 5 Ag2
+ cation signal (a)–(c) and oscillatory components (d)–(f) for

delay times from �0.1 to 2.0 ps. Three different pump wavelengths lpump

are applied (a) and (d) lpump = 510 nm, (b) and (e) lpump = 1010 nm and
(c) and (f) lpump = 1140 nm. Black and red dashed lines in (a)–(c) mark the
delay time of different maxima in the fs-NeNePo spectra. A sinusoidal
oscillator containing an exponential damping is assumed for fitting the
oscillatory curves. See Section 2.3 for details. The fitting period (in fs) and
the initial phase are indicated.
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pulse wavelength of 1140 nm (1.09 eV), corresponding to an
(average) photon energy slightly below the EA, results in a
qualitatively different fs-NeNePo spectrum (see Fig. 5c). The
first maximum appears at a similar delay time (with respect to
Fig. 5a), but is markedly smaller in intensity than the second
maximum. This second maximum appears around 320 fs,
roughly 50 fs earlier than in the spectrum obtained at
510 nm in Fig. 5a, and the beating signal has a minimally
smaller period of 182 fs. Wave-packet recurrences are not
observed, probably due to the lower oscillatory cation signal
as a result of the smaller photodetachment cross section close
to threshold.

The initial phase (right panel in Fig. 5) of the oscillatory part
contributing to the NeNePo spectra is obtained at different
pump laser wavelengths is determined by fitting to a sinusoidal
function with an exponential damping term. The two NeNePo
spectra obtained from pump wavelengths of 510 nm and
1010 nm (Fig. 5a and b) are characterized to have a similar
beating period as well as a similar oscillation phase (Fig. 5d
and e). In contrast, at 1140 nm (Fig. 5f) the beating frequency is
slightly shorter (182 fs vs. Z185 fs) and also the phase is
substantially different (�0.1p rad vs. 0.5p rad). This indicates that
energetically higher lying vibrational levels of the neutral Ag2

ground state are less efficiently populated at photodetachment
energies close to threshold, effectively changing the launching
point for the wave packet. Furthermore, interference effects
resulting from two-photon photodetachment may also contribute
to the observed phase of fs-NeNePo spectrum at 1140 nm.39

Frequency domain spectra are obtained from the transient
traces using the fast Fourier transform (FFT). For pump wave-
lengths of 510 nm and 1010 nm, NeNePo spectra with delay
times up to 61 ps were obtained and the corresponding
frequency spectra are presented in Fig. 6. (See Fig. S3, ESI†
for a comparison of the FFT spectra obtained at early delay
times for all three pump wavelengths discussed above.). The
FFT spectrum of the 510 nm/402 nm fs-NeNePo spectrum (in
Fig. 6a) reveals more than 20 roughly equidistant lines in the
spectral range corresponding to the wavenumbers from
160 cm�1 to 191 cm�1 with a spacing of 1.2 cm�1. We assign
these frequency bands (from right to left) to the vibrational
interval DGn+1/2 = G(n + 1) � G(n) of adjacent vibrational
eigenstates with increasing vibrational quantum number n
of the X1S+

g state of neutral Ag2. The highest energy frequency
band at 190.9 cm�1 is assigned to DG1/2 (v = 0), in agreement
with o0 derived from the previously published molecular
constants of 107Ag109Ag (oe = 192.4 cm�1 and oexe =
0.643 cm�1).38,40 Note, the absolute assignment of the popu-
lated vibrational levels based on the FFT spectrum alone (see
Fig. S4, ESI† for a magnified section of the FFT spectrum
around 191 cm�1) is not straightforward, but the assignment
of relative vibrational quantum numbers is. An assignment to
vibrational coherence from the electronic ground state of the
anion (X2S+

u), which exhibits a vibrational frequency of
145 cm�1, can be ruled out.34

Interestingly, the FFT spectrum obtained for a pump pulse
wavelength of 1010 nm (see Fig. 6b) reveals only a subset of the

peaks observed in Fig. 6a. It shows the same bands at higher
frequencies, but no clearly resolved signal below 173 cm�1. The
peak at 173 cm�1 corresponds to DG29/2(n = 14) and hence the
excited vibrational levels are close to those previously reported
for (nanosecond) anion photoelectron spectra.34 Hence, photo-
detachment involving 1010 nm photons yields the population
of the vibration levels of the neutral ground state expected
from Franck–Condon considerations, while the broader FFT
spectrum observed for 510 nm resolves vibration levels up to
DG43/2(n = 21). Such a dependence of the vibrational dynamics
on the pump pulse wavelength is unexpected. This suggests
that the preparation of a superposition of vibrational eigen-
states on the electronic ground-state PES of neutral Ag2 is not
exclusively determined by the Franck–Condon factors for
photodetachment from the electronic ground state of the
anion. There must be a different mechanism involved in the
photodetachment process (see below).

The STFT maps obtained with a time window of 2 ps, shown
on the right of in Fig. 6, reveal quantum beats resulting from
the anharmonic nature of the potential energy curve in a
frequency- and time-resolved way. For a pump wavelength of
510 nm, the broad band extending from 160–195 cm�1 in the
FFT spectrum (Fig. 6a) appears slightly shifted in the wave-
number and with varying intensity at window times of 27.0 and
54.0 ps in the STFT map (Fig. 6c). Wave-packet recurrences are
observed at multiples of 27 ps, which is consist with the

Fig. 6 Fast Fourier transform (FFT) analysis (left column) of the oscillatory
trace obtained from the fs-NeNePo spectrum in 0 ps to 60 ps delay time
and the wavelengths of pump pulse, (a) lpump = 510 nm and (b) lpump =
1010 nm. The bands are assigned to the vibrational interval DGn+1/2

indicated by the vibrational quantum number n. Short time Fourier trans-
form (STFT) maps (right column) obtained by sliding a 2 ps time window
along the delay time for pump pulse wavelengths of (c) lpump = 510 nm,
(d) lpump = 1010 nm.
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spacing between adjacent vibrational intervals (E1.24 cm�1).
The shift of the center frequency indicates that the low-
frequency components contribute more to the recurrence
features than the high-frequency ones. For a pump wavelength
of 1010 nm, the STFT map (Fig. 6d) also shows wave-packet
recurrences, but at slightly shorter window times of 26.5 and
53.5 ps, consist with interval spacings of 1.26 and 1.24 cm�1.
The larger interval spacing and shorter recurrence time hints at
the contribution of more high-frequency components in this
spectrum. The central frequencies of all these recurrence
features are all located at around 180 cm�1.

Based on the experimental vibrational intervals DGn+1/2 (see
Table S1, ESI†), we determined vibrational constants of the
silver dimer isotoplogue 107Ag109Ag by fitting the experimental
values to a Dunham expression (see SI for details). The so
obtained harmonic (oe), quadratic anharmonic (oexe) and
cubic anharmonic (oeye) terms are compared to previously
published values in Table 1. Our vibrational constants show
excellent agreement with previously determined values using
Fourier transform absorption spectroscopy of the A1S+

u ’ X1S+
g

transitions for hot silver dimer produced in an oven.40 Fig. S5
and S6 (ESI†) displays the corresponding Birge–Sponer plot
(DGn+1/2 vs. v) and the curve obtained from the molecular
constants in ref. 38 and 40.

4. Discussion

In order to assess the effect of isotopologue-selective measure-
ments on the wave-packet dynamics, we simulated the oscilla-
tory features of the fs-NeNePo spectra. Effects related to
isotopologue-dependent wave-packet dynamics have been
reported previously, for example, for the potassium as well as
the bromine dimer.41–44 To this end, we considered the wave-
packet dynamics for the three silver dimer isotopologues
107,107Ag2, 107,109Ag2 and 109,109Ag2. The relative shift in energy
of the vibrational levels for two isotopologues expressed in

terms of the vibrational constants is given by o
0
e ¼ roe; oex

0

e
¼

r2oexe andoey
0
e ¼ r3oeye with r ¼

ffiffiffiffiffiffiffiffiffi
m=m0

p
, where m is the

reduced mass of the isotopologue and m0 is for the lighter
isotopologue. The simulations are shown in Fig. S7 and S8
(ESI†). Isotopologue-dependent effects are difficult to observe
at small delay times of less than 2 ps (left column in Fig. S8,
ESI†), due to the relatively small shift of the vibrational periods
of the silver dimer isotopologues. The differences are more
apparent at longer delay times, i.e. at the recurrence times
around 26 ps (center column) and 52 ps (right column). With-
out isotopologue selection, the first recurrence at 26 ps appears

weaker (compared to that at 52 ps), owing to the out-of-phase
oscillation of the 107,109Ag2 isotopologue signal with respect to
the other two minor isotopologues.

Interestingly, we do not observe fractional recurrences of the
vibrational wave packets, which have been studied in detail for
other systems, like the alkali metal and halogen dimers.43,45–47

In the reported studies, the wave packet breaks up into sets of
sub-wave-packets at times t/Trev = p/q, where p/q is an irreduci-
ble fraction of integers. Experimental evidence of the fractional
recurrence for the wavepacket of the primary frequency o is
that the revival of the high order q/p�o frequency components
appears at p/q�Trev time in the STFT map. But this is not found
for the silver dimer, as shown in the Fig. 6, probably due to the
low signal-noise ratio of the oscillatory cation signal. The
simulated fractional revival (see Fig. S7, ESI†) is much weaker
than the first and second full recurrences.

The mechanism behind populating more than twenty vibra-
tional levels (see Fig. 6a) is not directly obvious. For lower
photodetachment energies, the lowest energy band in the anion
photoelectron spectrum of Ag2

� reveals resolved vibrational
levels up to an electron binding energy of 1.2 eV, corresponding
to the population of up to n = 8 of neutral Ag2.34 However, in
later studies that use higher photodetachment energies this
band shows a longer, unresolved tail extending up to 1.5 eV,
corresponding to the population of vibrational levels up to v E
21.36 Moreover, these latter spectra also show a weak,35,36

unassigned feature at even higher energies around 1.65 eV,
clearly below first electronic state of neutral Ag2, but asympto-
tically approaching the bond dissociation limit (1.83 � 0.2 eV)
of Ag2

� for Ag(5d104s1) + Ag(5d104s2) fragmentation.48 This
suggests that there may be an additional photodetachment
channel involving an electronic excited state of the anion.
Depending on the pump wavelength this excited state can be
resonantly excited, followed by fast autodetachment and effi-
cient population of higher vibrational levels of the neutral
electronic ground state. We can only speculate on the nature
of the involved electronically excited state of the anion. It
could be a 2S+

g state, populated by promoting an electron from
a non-bonding su molecular orbital to a bonding sg molecular
orbital. Its atomic asymptote corresponds to Ag(5d104s1) +
Ag(5d104s14p1) fragments. Although this dissociation channel
lies 3.7 eV higher than that of the ground state (Ag(5d104s1) +
Ag(5d104s2)),49 stronger bonding in the excited state will result
in a considerably lower 2S+

g ’ 2S+
u excitation energy.

Additional information can be obtained from the time
domain data. The phase of the oscillatory part of the NeNePo
signal contains information on when ionization occurs relative
to the initial formation of the wave packet.13,50–52 A value of the
phase close to 0 p or 2 p, as is observed for a pump wavelength
of 1140 nm, suggests that ionization from the neutral state
occurs close to the equilibrium bond length of the neutral. In
contrast, a phase of p/2, obtained for pump wavelengths of
510 nm and 1010 nm, indicates ionization at one of the turning
points of the wave-packet dynamics.

It should be noted that two Franck–Condon windows, one
for photodetachment and one for photoionization, determine

Table 1 Vibrational constants (in cm�1) oe, oexe and oeye for the electro-
nic ground state X1S+

g of neutral dimer 107Ag109Ag

Ref. oe oexe oeye

40 192.4 0.643 0.3 � 10�3

34 192.0 0.60
This work 192.2(1) 0.637(12) 0.3(3) � 10�3
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the oscillatory cation signal. The predicted potential energy
curve for the A1S+

u state of Ag2 results in a nearly symmetric
Franck–Condon envelope for the A1S+

u ’ X1S+
g transitions for

low-lying vibrational levels of the X1S+
g state.53 However, the

higher-lying vibrational levels of X1S+
g have larger absorption

coefficients to the higher-lying vibrational levels of A1S+
u. This

indicates that the X1S+
g state has better ionization efficiency at

the outer (longer bond lengths) than the inner turning point for
high-lying vibrational levels. Therefore, the oscillatory signal
observed with pump wavelengths of 510 nm and 1010 involve
ionization at the outer turning point with an initial phase
of p/2. This also holds, when the electronically excited state
of Ag2

� preferentially auto-detaches an electron to produce
high-lying vibrational levels.

Note, the strong electronic field resulting from the ultra-
short laser pulses, typically with peak intensities in (or higher
than) the terawatt cm�2 range, can induce energy level shifts as
a result of the optical Stark effect.54–56 The peak intensity of the
pump and the probe pulses in the present experiments are more
than an order of magnitude smaller (10–40 petawatt cm�2) and
light-induced Stark shifting of the quantum levels of the neutral
Ag2 is not expected.

5. Conclusions

The present analysis of the fs-NeNePo spectra demonstrates
that characterizing the nuclear wave-packet dynamics in neu-
tral silver dimers with B50 fs duration laser pulses over a
period of 60 ps in the time domain yields high resolution
vibrational information. In general, beating frequencies corres-
ponding to wavenumbers below B400 cm�1 can be resolved
and determined with a resolution down to 0.5 cm�1. In addi-
tion, the observation of the wave-packet recurrence of a single
isotopologue at longer delay times yields direct information on
the anharmonic nature of the PES. Hence, combining ultrafast
laser systems with the fs-NeNePo excitation scheme does not
only allow studying the ultrafast nuclear quantum dynamics of
mass-selected neutral clusters in the gas phase, but also
introduces a complementary strategy for measuring vibrational
spectra in the terahertz regime. In addition, valuable informa-
tion on the photoexcitation mechanism can be extracted from
such experiments.
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8 J. Roithová, Chem. Soc. Rev., 2012, 41(2), 547.
9 P. M. Kraus, M. Zürch, S. K. Cushing, D. M. Neumark and

S. R. Leone, Nat. Rev. Chem., 2018, 2(6), 82.
10 M. Maiuri, M. Garavelli and G. Cerullo, J. Am. Chem. Soc.,

2020, 142(1), 3.
11 S. Rafiq, N. P. Weingartz, S. Kromer, F. N. Castellano and

L. X. Chen, Nature, 2023, 620(7975), 776.
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