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A femtosecond negative iemeutral-positive ion charge reversal apparatus has been developed, following
the concept of Wste and Berry, to carry out spectroscopy of transient neutral species along the reaction
coordinate. We report studies of the ultrafast dynamics of lineampfaduced by photodetachment of linear

Ags~. The background-free time-resolved multiphoton ionization spectra gfakgn at various wavelengths

show a strong probe time and wavelength dependence, indicating important roles both of an intermediate
state resonance and the ionization detection window in the time-resolved ionization signal. Based on these
results, we speculate on the wavepacket dynamics along the coordinate of the linear-to-triangular rearrangement
on the ground state potential energy surface.

Introduction equilateral triangular minimum energy structure. The essential

) . features of this interpretation were confirmed by recent theoreti-

Femtosecond pumgprobe techniques have been extensively .4 analyse$?13

used for the real time observation of ultrafast phenomena in = 11 apparatus develop&in Woste's laboratory is based on
the various fields of physics, chemistry, and biology. One of g4y ion beam technique for ion accumulation and cooling with
the important applications in chemistry is to transition state e yse of a linear quadrupole trap, has a low duty cycle, and
spectroscopy, providing real time access to the transition statesy 5y he yulnerable to fluctuations in negative ion beam intensity
of elementary chemical reactiohsThe idea of this technique 54 g timing jitter between the laser and the ion beams. The
is to prepare the transition states of the reactions by photoex-,yantages of their general approach are substantial, and it was
citation of stable collision complexes and to follow the evolution ), goal to develop a similar apparatus with a high duty cycle
of the complexes by using various detection methods such as,nq yith the capability of taking into account any fluctuations
laser induced fluorescence (LIF), photoelectron Spectroscopy, qceyrring over extended periods of time in order to take full
or resonance enhanced multiphoton ionization (REMPI). This advantage of the potentially background-free nature of the
technique has successfully been applied to a few bimolecular o546 reversal scheme. An enhanced charge reversal apparatus

reactions of alkali _hahdes, mercury halide, and_qtﬁérsln has been developed in our laboratory by using a pulsed ion
another approach pioneered by Neuntafidhe transition states o rce and a fast ion beam technique. This apparatus allows
are prepared by photodetachment of negative ions with ap-,q 15 detect not only the positive ions but also the neutral
propriate geometries. The transition states of neutral bimo- ,q,,cts with the same efficiency for the purpose of normaliza-
lecular reactions are in this case produced by vertical photo- i5, - The yse of the fast ion beam technique also allowed us
detachment of stable negative ions that possess a geometry Closg, giscriminate completely against any slow positive ions arising
to that of the transition states. One advantage of this techniqueg g, pump or probe ionization of the much higher density

is that the ionic complex frequently has a more stable and rigid 51 ground gas molecules. The goal for the new apparatus is
structure than its neutral counterpart, simplifying the interpreta- 4 anaple the detailed evolution of reacting systems and to

tion of the data. Other studies have shown that photodetachment, ige the capability to obtain transient spectra along an entire
of some negative organic molecules can access the transition.omnjex reaction trajectory.

states of intramolecular isomerization of the corresponding With this new apparatus, we have first reinvestigated the
neutrals’? femtosecond dynamics of the neutral silver trimer. The silver
The first application of this technique as a pump step in a trimer was chosen for the following reasons. The neutral silver
femtosecond pumpprobe experiment was made by Berry and trimer is a simple triatomic molecule with a low ionization
Woste in their studi of the neutral silver trimer. They used  potential (IP) that can be ionized by two-photon absorption with
a~400-nm pump pulse to prepare a transient linear neutral silver the |aser available. It exhibits a large geometrical evolution
trimer by photodetachment of Ag and employed a delayed  after photodetachment, since the ground state of Ay
pulse of the same wavelength to interrogate the evolution from triangular, while Ag~ is linear. TheDs, symmetry form of
linear to triangular form via multiphoton ionization of the  ground state Agundergoes a strong Jahfieller distortion and
evolving Ag. They observed that the positive ion signal, named forms an interesting potential energy surface (PES) with conical

a NeNePo (negativeneutral-positive) signak! increased  intersections, known as a Mexican hat PESimilar to the alkali
substantially some 700 fs after the initial photodetachment event meta| trimers (Li, Nas, etc)!516 It is known that these metal

and described the increase in terms of a time dependent Franck trimers undergo pseudorotation, a molecular manifestation of

Condon overlap factor between the evolving neutral wavepacketgerry’s geometrical phasé around the trough of the Mexican
and the positive ion potential energy surface (PES) with an hat surfacd®20 Therefore, the charge reversal experiment gives
the opportunity to investigate the effect of pseudorotation on
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80 Hz, limited only by the pumping speed in the source

PDAS Ton chamber. The precursor Aions formed in the discharge were
Source . accelerated toward the silver cathode by the electric field of
~30 kV/cm, and neutral and anionic silver atoms and clusters,
Positive Agn and Ag,”, were sputtered off the silver cathode surface.
EP Reﬂ“t“’“ The silver cluster ions then undergo collisions with the high-
Y9 sk ////,,'!II[/ Neutral g2 pressure background gas inside the aluminum block maintained
N 7L

at liquid nitrogen temperature. Thus, the silver clusters cooled
down considerably and grew in cluster size. The liquid nitrogen
| | ] = | cooling was found to be crucial in generating a high-intensity
1 Ok 2.5kv i Laser 23k okv Ags~ beam. Finally, the gas mixture containing the silver cluster
eV ions was expanded supersonically through a cone-shaped
channel. The typical pressure of the source chamber during
the experiment was-1 x 104 Torr. About 12 cm below the
Figure 1. Schematic diagram of the ion beam portion of the charge ion source, a pulsed transverse electric field extracted a small

o I/]}(l

reversal apparatus. portion of the ions into a WileyMcLaren TOF mass spec-
trometer. The ions were accelerated to 3 keV and brought to a

-3kV DC temporal and spatial focus1.8 m downstream. The pulsed
LN2 Coling . mocouple mass gate located just before this focus transmitted only the
Silver Cathode ions with the mass-to-charge ratio of interest, thus greatly

reducing background ion noise. At the spatial focus, the mass-
selected negative ions were intersected with a laser beam, and
the resulting photoproducts and the precursor ions drifted in a
field-free region before entering a single field, reflection TOF
mass spectrometer. The photoproducts were mainly neutrals
with a small fraction of positive ions. When detecting positive
ions, the reflection was set to reverse the trajectories of the
positive ions according to their mass-to-charge ratio of the off-
axis detector (D1) and deflect the negative precursor ions off
Tnsulator Block the detector as shown in Figure 1. The neutral products passed
(Macor) through the reflectron to reach the in-line detector (D2). Due
Figure 2. Pulsed discharge Arsputtering ion source of silver cluster ~ t0 the extremely low abundance of positive ions, the detector
negative ions. D1 was run in a single ion counting mode, and the counts of

positive ions were typically accumulated for more than 10 000
in the region of~400 nm and~270 nm. We discuss our laser shots. The detector D2 was operated in an analog mode
preliminary analysis on the ultrafast dynamics in comparison to detect the neutrals simultaneously for normalization purpose.
with the previous work of Woltt all® While the general form The capability for detecting neutrals was found to be crucial to
of the spectra and the overall conclusions are consistent withcompensate for negative ion intensity fluctuations; it is also
this work, we find that the form of the time-dependence is very minimized the scatter arising from a small jitter in the temporal
sensitive to the probe wavelength, and a detailed interpretationoverlap of the laser pulses and the ion beam packet that occurred
is both richer and more complex than might be inferred from during the measurement.

the work of Wolfet al.10 The femtosecond laser system has been described previously
in detail?® so a brief description will be given here. The system
was a commercial, regeneratively amplified Ti:sapphire laser
The experiments described here were carried out by incor- System. First, a Ti:sapphire oscillator (Coherent Mira Basic),
porating the newly developed charge reversal apparatus with aPumped by a 6.5-W Ar ion laser (Coherent Innova 90), produced
femtosecond Ti:sapphire laser system. A schematic diagram 750-850-nm, 76-MHz~85-fs pulses. These pulses were then
of the ion beam apparatus is shown in Figure 1. This device is Stretched te~150 ps (Quantronix 4800 Stretcher and Compres-
a modification of our tandem time-of-flight (TOF) mass sor), sent into a Nd-YLF pumped regenerative amplifier
spectrometer, which has previously been empldy&8ito study (Quantronix 4800 Series Ti:sapphire RGA), and subsequently
the dynamics of4™ inside solvent cages. As shown in Figure compressed back te-110 fs. The final output of the laser
1, the apparatus consists of four major components: an ionsystem consisted of near transform-limited 1-mJ pulse with a
source, a Wiley-McLaren TOF mass analyzer, a secondary 400-Hz repetition rate. The 1-m3,110-fs IR pulse in the 750
reflection TOF product analyzer, and detectors for product 850-nm range was converted to the second harmonic (SH)
positive ions, neutral photodetachment products, and the paren{375—-425 nm) and the third harmonic (TH) (25@83 nm) by
negative ion beam. using 1-mm lithium triborate (LBO) and 1-mfitbarium borate
The Ag~ ions were produced by a high-pressure pulsed (BBO) crystals, respectively (CSK Model 8315A). Typical
discharge At sputtering ion source (Figure 2). A pulsed glow outputs are~300uJ, ~150 fs for SH and~100 xJ, ~250 fs
discharge was initiated when a gas pulse containing 15% Ar in for TH. In the case of SH/IR pumpprobe, about 50% of the
Ne, 45 psi total pressure flowed past8 kV dc potential from IR output was split to generate the SH and later combined with
the silver cathode to the stainless steel anode at ground potentialthe other 50% of the IR. Similarly, about 50% of the SH output
The discharge was quite constant and stable until the gas pulsevas split to generate the TH in the case of the SH/TH ptmp
exited the discharge region. Under normal operating conditions probe. The collinear pump/probe beam configuration was
the discharge peak current waslO0 mA, the pulse duration  employed throughout this experiment. The laser beams were
was ~400 us, and the repetition rate of the pulsed valve was both linearly polarized and the directions of the polarization

Al Block

Experimental Section
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were parallel to the ion beam. Since the repetition rate of the
pulsed valve of the ion source was set to 80 Hz, precise temporal
overlap of the ions with the laser pulses was accomplished
through the use of a delay generator (Stanford DG 535).

The data collection scheme used in this experiment consisted
of two cycles of measurement: background and ptipobe
cycles. In the background cycle the positive ion and neutral
signals were measured in the absence of one or both laser pulses,
namely, pump/probe combinations of on/off, off/on, and off/ Probe 11 s Probe I
off. The background iofneutral ratio ppkg) Was then deter- '

. . . A
mined in the following manner: ® an
AN T
+ + + : A
_ Noff/on + Non/oﬁ B 2Noff/off X D Yy
Pokd = NO g PyvglEEY]

0 0
offfon + Non/oﬁ - 2Nof‘f/off Agy w inev

where N and N’ are the number of positive ions and neutrals o
and the subscripts off/on, on/off, off/off indicate the status of
the pump and probe pulses. The background measurements
were averaged over 2000 laser shots and recorded before and
after the pump-probe cycle.

In the pump-probe cycle a survey scan was first carried out Figure 3. Schematic potential energy curves ofAgAgs, and Ag*
to determine the general feature of the purppobe profile and alonglt;hﬁ 2eno;|ng Coord'”aée' The e”tet?'es |ntd|cated ?rlf dralwg fron?
the delay for the maximum signal, or the reference delay. Each %Eiy'gt;;]y ot sources and represent fhe best present knowledge o
pump—probe run contained a set of measurements at seven delay
times with typically a 50-fs step, while measurement at the reference delay provided a way to tositu normalization and
reference delay was performed before and after the run. Theis important when the instrumental sensitivity drifts slowly over
reference delay was used to normalize the pump-probe signalsextended periods of time.
at different delays after the background subtraction was made.

During the measurement the neutral intensity was monitored at Potential Energy Curves

each delay to ensure that the neutral intensity varied less than
10%. The fluctuation in the signal was further reduced by
normalizing the positive ion signals by the neutral intensity
(calculating the ior-neutral ratio). Typically positive ions were
collected at each delay for 1000 laser shots and the neutral
intensity was averaged over the same number of laser shots
This run was made more than five times for signal averaging.
In subsequent runs, the smallest time delay was set to overla
the largest time delay of the previous run. This provided a way
to ensure a good link between the data. After the entire set of
delays was scanned, the same procedure was repeated three
more times for further signal averaging.

For the charge reversal studies of #Agthere are three
positive ion channels, Ag (n = 1, 2, 3), and a single neutral
channel, Ag. The positive ions at each channel were counted
by using a scaler with a 500-ns gate, and the neutrals were
integrated by using an ADC with a 500-ns gate. The-on
neutral ratio p(At) of the true pump-probe signals was
calculated in the following way:

. . . . . . .
-180° -120° -60° [
Bending Angle, o

Figure 3 shows the potential energy curves obAgAgs,
and Ag' along the bending coordinate, constructed from
combining the previous theoretié4t3> and experimentét36
results on the electronic states of these clusters. The ground
state of Ag™ is 134", a linear structure that is'1.3 eV more
stable than the equilateral triangular foffn.In contrast, the
ground state of the neutral silver trimer Ag 2E' in Dsp
psymmetry with an equilateral triangular structure. The degener-
ate 2E' state splits intc?B, (obtuse isosceles) arfd\; (acute
isosceles) states due to the strong Jaheller distortion2432
?fonsequently, théB, state is the global minimum energy state
and lies~0.02 eV below the?A; state?432 The minimum
energy state’B,) correlates to théy ,© state of the linear form,
which is~0.15 eV higher in energy than tRB, state. In fact,
the 25 ;* state is a saddle point along the bending coordinate
connecting the minimum energsB, states (see Figure 3).
Negative ion photoelectron spectroscopy measurerffetis
termined the vertical detachment energy (VDE) for the process

hw+Agy ('Y, —Ag; (3,5 + e
N2 on (AY) — N0+ff/oﬁ s g 3t

on/on

p(At) = N (A — N ~ Pokd and the adiabatic electron affinity for

on/o off/off

—(1c + _, 2
whereNTonjon (At) and N%pon (At) are the number of positive hw + Ag, ( 24 )~ Ag; (By) T

ions and neutrals when both the pump and the probe pulses ar
on. The ratiop(At) was finally calculated for each positive
ion channel and then scaled by the sum of the-ioeutral ratios

of each channel at the reference delaye. The final
background-free and normalized pusrobe yield,S,(At), is
given by the following equation:

%o be 2.43 and 2.32 eV, respectively. The same experiments
determineéf the dissociation energy for Ag— Ag» + Ag to
be~1 eV. The linear structure that correlates to tAg state

(the other JahnTeller partner oPB;) has?y s~ symmetry, is
located~1.2 eV above thé&y " state, and forms a minimum

in a shallow well of~0.1-eV deptt?¥* Gantefor and co-workers

p(AD) measuredf the VDE to the higher lyingy s Ags state to be
S(At) = M 100(%), n=1,2,3 3.62 eV, consistent with the theoretical prediction.
Z pn(Atrey) Walch® has calculated excitation energies from #Bg state

to several high-lyindds, electronic states of Ag The calculated
The scaling of the pumpprobe signals by the signal at the excitation energies were 1.42 eV fak,", 2.28 eV for2A¢,
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Figure 4. Ags~ charge reversal spectrum obtained with a 410-nm
photodetachment (pump) and 410-nm REMPI (probe) excitation.

2.4 eV for?E', 3.26 eV for?E"”, 3.19 eV for?Ay', 3.23 eV for

2E', and 4.94 eV for Ag 4d — 5s. The?E" — 2B,, 2A;
transition 3.4 eV) has been observed experimentally by
Duncan and co-worke: 3% Several matrix isolation studies
on the optical absorption of neutral silver trimers have also been
reported and they observed several absorption bands in the 200
500-nm regiorf®41 For the high-lying linear electronic states,
Gantefor and co-worke¥§ carried out photoelectron spectro-
scopy on Ag~ and reported the VDEs (4.83, 5.57, 5.80, 6.10
eV). They assigned the first three VDEs 2", 1°I1,", and
22y " states of the neutral Ady comparison with theoretical
VDE values.

For Ags™, the ground state is an equilateral triangular structure
(*A;) with Dg, symmetry, located~6 eV (IP) above théB;
state of the neutral Ag>283037 The linear'y 4 state is predicted
to lie ~1 eV higher than the'A; state3® The reporteéf
dissociation energy for Ag — Ag,™ + Ag is ~2.8 eV. No
calculations on the excited states ofAdpave yet been reported,
but triplet states such ad1, (linear) and3E" (triangle) are
expected at higher energies, in analogy with a calculétion
Cus™. Figure 3 summarizes the available information on the
relevant Ag surfaces.

Results and Discussion

The longest wavelength radiation capable of photodetaching
Ags~ is the second harmonic radiation from the Ti:sapphire laser
at~400 nm. Absorption of one photon of this color produces
exclusively Ag on the ground state PES. Accordingly, we have
carried out detailed charge reversal studies with this (SH) pump
radiation and then employed IR fundamenta800 nm), second
harmonic (~400 nm), and third harmonie-270 nm) multipho-

ton ionization probe photons. As each of these three cases
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Figure 5. Pump power dependence of thesAgeld (—O—) with the
probe laser off, and the Ag ion yield (- - -®---) at At = 1 ps and
with a fixed probe intensity, obtained with a 410-nm pump and 410-
nm probe.

the adiabatic IP of Agare ~2.4 and~6 eV, respectively,
photodetachment by one 410-nm pump photon is sufficient to
prepare the Agneutrals, whereas two (or more) 410-nm probe
photons are required to ionize the neutrals. This two-photon
ionization scheme is depicted as Probe | in Figure 3. Notice
that the total energy of two 410-nm photons is close to the
adiabatic IP of Ag. Among the possible charge reversal
products, Ag™ (n = 1, 2, 3), Ag~ was always the dominant
product, comprising 8690% of the total ion yield, depending
on how tightly the laser beams were focused in the interaction
region. The Ag' product comprised virtually all of the other
ionic products, but there was a detectable trace of . Ads
shown in Figure 4, the total ion yield remains less than 5% for
At < 300 fs, then it increases gradually and reaches a maximum
(100%) atAt = ~1 ps. After~1 ps, the total ion yield decays
gradually to a minimum~30%) atAt = ~2 ps and recovers
slightly to ~35% and stays more or less constant for 200 ps
(which was the longest time delay used in the experiment). The
strong time dependence of the charge reversal signal confirms
both significant evolution of the neutral wavepacket and high
selectivity in detection depending on where the neutral wave-
packet was located on the PES. The observation thzt Agd
Ags™ exhibit the same time dependence suggests strongly that
the Ag™ signal originates primarily from the dissociation of
Agst as a result of additional probe photon absorption. The
Ag." fragment ion must be the result of at least three 410-nm
probe photon absorptions in order to reach the 2.8 eV thre$hold
for Ags™ — Agz™ + Ag. The small peak aAt = 0 ps is due
to interference between pump and probe pulses when they
overlap in time in the collinear beam geometry. The maximum
of the interference was used to determine the time zA&teH
0 ps) within an uncertainty 050 fs.

It is critical that we have definitive information concerning

present different issues, they are discussed separately beforevhich electronic states of Agre accessed by the 410-nm pump

drawing overall conclusions.

1. One-Color Pump-Probe: SH Pump-SH Probe. Figure
4 shows a typical charge reversal spectrum of Agken with
410-nm (3.02 eV) photodetachment (pump) and photoionization

photon, if we are to analyze properly the ensuing wavepacket
dynamics. If single photon photodetachment at 410 nm were
the only significant neutral production channel, ther Aguld

be formed only in thes ,© state (see Figure 3). However, if

(probe) pulses; while there is semiquantitative information on two-photon photodetachment makes a significant contribution,
the approximate cross sections, the positive ion signal here isthen most of the linear neutral states shown in Figure 3 would
normalized to 100 at its maximum value. The pump and probe be accessible. To clarify the issue, we have determined the

laser intensities in the interaction region werk x 101°W/cn¥,
and the maximum positive ion signals were typical§.2 ions
per a single pump-probe pulse. Se25 000 total number of

pump power dependence of both the neutral and the positive
ion signals, the latter being obtained with a fixed probe power.
In order to test for this possibility, we have carried out a careful

pump-probe pulses were used for the integration and averagingstudy of the dependence of both the neutral and positive ion
of the positive ion signals to give the spectrum shown in Figure signals on the photodetachment (pump) laser power. Figure 5
4 (refer to the Experimental Section about the integration and shows the dependence of the neutral signapomp power,
averaging scheme used). Since the lowest VDE of Aand together with the dependence of thezAgon signal atAt = 1
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ps (peak) orpump power at dixed probe laser intensity. The
neutral yield shows a slight saturation behavior at high pump 100 -

power (~1 x 109 W/cn¥), and the Ag" ion signal follows

the same trend (Figure 5). The same trend of the positive ion 8o}

yield indicates that the 410-nm probe pulse is able to ionize

the ground state neutrals efficiently. Therefore, the features of .l

the spectrum in Figure 4 represent the evolution of the neutral /!

wavepacket on thground state PES. »

The features in Figure 4 are qualitatively very similar to the 40
results of Wolfet al.,X? with the exception of a slight shift in
the time of peak signak{1 ps vs~800 fs) and a much lower nr
baseline in our spectrum. It should be emphasized that the Amé‘c ;
spectra shown in this paper contain only the true pupnobe 0
yield after all the background ions were taken into account (refer 050
to the Experimental Section). The origin of the slight peak shift Pump-Probe Delay (ps)
between our results and theirs is unclear, but the peak positionsFigure 6. Ags~ charge reversal spectrum obtained with a 396-nm
in the spectra of Wol&t al. might be slightly shifted by their ~ Photodetachment (pump) and 396-nm REMPI (probe) excitation.
much higher background levels. The time dependergtAg . . . L .
signal by Wolfet al. was interpreted in terms of changes in the maximum c_)f the total ion _S|gnal. The positive ion yield was
Franck-Condon overlap factor between the ground state PES al:_)out five times less than in the case of 410-nm prmpbe,
of the neutral and the positive ion along the rearrangement with Fhe consequence that the pump and probe beams had to
coordinate, assuming nonresonant two-photon ionization for the be gllghtly mori focu_sed _than 410hnT in orderftohhave good
SH probe. The essential features of this interpretation were laterStatISUCS. _AS shown in Figure 6 the features of the spectrum
supported by MD simulations by Jeschéeal 12:13 are less tlme-dependent than in the case of 410-nm pump

. . . probe. The maximum of the Ag signal is located af\t =

While the scenario developed by Waf al. describes the ~600 fs, and then the signal decreases slowly-89% atAt
trends of their spectra, some of the details should be reconsid-_ 10 pé. The Ag™ signal peaks aft = ~900 fs, with a
ered. First, their assumption of nonresonant two-photon ioniza- shoulder at\t = ~600 fs. The different type of the Ai} signal
tion was not tested, so the possibility of intermediate state compared to Ag" suggests that at this color the Agons Weré
resonances playing a significant role in determining the shape o4 not only from the dissociation of Afjbut also by other
of the positive ion signal needs to be considered. Second, asyechanisms, such as the ionization of the neutral fragment Ag
mentioned above, the total energy of two SH photons 390 1,4y ced from the dissociation of electronically exciteds Ag
420 nm) is quite close to the adiabatic IP ofg-6 eV), and 4,6 1o two-photon detachment. This observation of such less
the vertical ionization energies along the bending coordinate time-dependence in the positive ion yield and the earlier peak
vary from~7 eV for the linear form to~6 eV for the equilateral (~600 fs) with a 396-nm probe is in general agreement with
tri_angle form (see Figure 3). Therefore, th(_e i(_)nization detec_tion the results of Wolet al. The shift of the peak position could
window of the SH probe pulse would be limited to the region e g6 to changes in the size of ionization detection window as
of triangular form, and the extent of that window could be he probe wavelength changes. It is conceivable that the 396-
strongly dependent on the SH probe wavelength. The low m probe can access the configurations closer to the linear form
positive ion signal neaht = 0 (i.e., linear configuration) could  han the 410-nm probe, resulting in the earlier peak (see Figure
be due to the inaccessibility of Ag by two-photon ionization  3) " O the other hand, if nonresonant two-photon ionization
of the SH probe rather than a result of poor FranClondon occurred in the triangular form, the positive ion yield near the
overlap as suggested by Weifal. The relative intensities of jonization threshold should change (probably increase) only
the positive ions inside the ionization detection window may gradyally as the probe wavelength becomes shorter. The strong
to a good approximation be determined by the Frarickndon  \yayelength dependence of the positive ion yield suggests that
overlap factor. Third, the wavelength dependence of the time jhtermediate state resonances play a role and could also be
location of the maximum signal (800 fs for 420 nm, decreasing responsible for the observed shifts of the peak positions. A
to 500 fs for 390 nm) was explained in terms of greater bending thjrg possibility is the competition between two-photon ioniza-
excitation of Ag when it was prepared by a higher energy tjon and three-photon ionization as the two-photon REMPI cross
photon (390 nm). The greater excitation would then result in gection decreases (in the case of 396-nm probe), evidenced by
earlier arriva_l in the dete_ction window in .the triangular region. the relatively high positive ion yield~50%) nearAt = 0 ps
However, this explanation appears unlikely because the SH(ynere at least three-photon absorption is necessary to ionize
pump photon energies-@ eV) are well above the threshold of  he neutrals). In the case of three 396-nm photon ionization
photodetachmenty{2.4 eV), and the vibrational state distribution (~9.4-eV total energy), only the FranelCondon overlap factor,
of Ags will be determined mainly by the (photon energy not the ionization window, might determine the time dependence
independent) FranekCondon overlap factors between the of the positive ion yield. Additionally, some of the Ageutrals
negative ion and the ground state neutral PES. The shifts of might be formed in excited states by two-photon detachment,
the peak positions with wavelength would seem to be more g5 suggested by the different shapes of the*Aand Ag*
likely the result of a wavelength dependence in the probe sjgnals at this wavelength. The charge reversal spectrum at 396-
process, arising from intermediate state resonances and theym probe could well contain contributions from many different
Change in the location of the ionization detection window as mechanisms proposed above, and more Systematic investigation
the total energy changes. is required before a definitive conclusion can be reached.

In order to test our interpretation, we have taken the charge The charge reversal spectra of AAgvere also taken at two
reversal spectra of Ag at three other wavelengths (396, 404, other probe wavelengths derived from the SH of the laser, 404
415 nm). Figure 6 shows the spectrum taken with 396-nm pump and 415 nm. The general shapes of the time dependence for
and 396-nm probe radiation, normalized to 100% at the each color was quite similar to the 410-nm probe, but the
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Figure 7. Normalized total positive ion yield at 396-, 404-, 410-, and

415-nm pump-probes. The maximum yield of the 415-nm pump
probe was set to be 100.

magnitude of the signal exhibited a strong wavelength depen-
dence. For both wavelengths, the maximum of the positive ion
yield occurred atA\t = ~1 ps, and there was a plateau for>

~2 ps, very similar to the 410-nm case described earlier. The
Ag," signal exhibited the same time dependence as"Ag
Figure 7 summarizes the relatiypeobe ion yield for four SH
wavelengths, normalized to the maximum at 415 nm. The
relative two-photon ionization cross sections were obtained by
assuming that the cross section for the photodetachment ste
was wavelength independent, estimating the laser intensities an
the number of negative ions in the interaction volume. Since
this procedure does not take into account the inhomogeneou
spatial distribution of the laser pulses and ions, it allows only
a semiquantitative interpretation. Nevertheless, the two-photon
probe ionization cross section shows a strong wavelength
dependence. The total positive ion yield fat > ~500 fs

increases as the probe wavelength becomes longer. At the sam

time, the intensity of the plateau region compared to the maxima
also increases slowly{10% for 404 nm increasing to 50% for
415 nm). This trend in the ionization efficiency is opposite to
the general trend of photoionization efficiency near threshold:
the ionization efficiency rises slowly as the photon energy
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distribution of the neutral wavepacket is more or less constant
for the four SH wavelengths used. The linear neutral wave-
packet evolves slowly along the bending coordinate due to an
almost flat PES near the linear form, and the positive ion yield
stays low because the vertical ionization energy exceeds two
SH-photon energies in this region. Once the neutral wavepacket
reaches parts of the PES with steeper slope, it starts to accelerate
toward the global minimum obtuse isosceles, and the positive
ion yield increases as the neutral wavepacket reaches the
ionization detection window. After the obtuse isosceles mini-
mum, the wavepacket decelerates, passes the equilateral trian-
gular region and the acute triangular region, and finally reaches
the classical turning point. In this region, which is inside the
detection window, the positive ion yield grows quickly, and
reaches the maximum\{ = ~1 ps, probably near the equilateral
triangular configuration) at the point where the Fran€ondon
factor between the wavepacket, the intermediate state PES, and
the positive ion PES is the greatest. After the classical turning
point, the positive ion yield further decreases and reaches a
constant level as the neutral wavepacket dephases extensively
and randomizes inside the Mexican hat PES. Since the Mexican
hat PES is highly anharmonic, and since the neutrals are
vibrationally excited, the vibrational modes mix among the
internal degrees of freedom, and consequently the neutral
wavepacket quickly dephases. It starts to undergo pseudoro-
tation through the three equivalent obtuse triangular structures
around the trough of the PES, similar to the cases of alkali-
metal trimers'® For Na, it has been reportédithat internal
nergy only slightly in excess of the zero point energy can be
andomized in less than 500 fs. The cusplike feature at the
equilateral triangular configuration also helps to prevent the
neutral wavepacket from reversing its trajectory and may well
be the reason that recurrences are not observed in the positive
ion signal. Instead, the excited Agnolecules appear to be
trapped in the Mexican hat region of the PES for more than
gOO ps.

2. Two-Color Pump-Probe: SH Pump-TH Probe. In this
section we discuss the charge reversal spectra taken with SH
pump and TH probe wavelengths. In this case, the total energy
of two TH photons is well above the ionization threshold
throughout the entire reaction coordinate space, and the [1

increases. The opposite behavior of ionization strongly suggestst] REMPI occurs via different intermediate states, while the
an intermediate state resonance at longer SH wavelengthPhotodetachment pump process is identical to the one-color case.

(probably longer than 415 nm in the triangular region), so that

With this scheme the role of the detection window is expected

the ionization efficiency decreases as the wavelength becomed© be minimal, and intermediate state resonances should be the
shorter. Such intermediate state resonance could also changénportant factor that determines the features of the ionization

the time dependence of the positive ion yield. The presence of
any triangular intermediate states for Agear~3 eV above

the ground state has not yet been confirmed experimentally.
Only one REMPI study on Agby Duncanset al3"38was able

to locate 22E"" state near 3.4 eV. Thab initio calculation by
Walch?? predicted at least three stat@g'(, 2A,, 2E') near 3.2

eV, close to the energy of one SH photon (see Figure 3).
Interestingly, in matrix isolation studies of Agising Ar and

Kr matrices several absorption bands were observed in the 380
500-nm region (for example, 386, 402, 423, 444, and 492 nm
for Ar matrix).#%41 The corresponding gas phase wavelengths
will be somewhat shorter due to the matrix effects (386 nm in
Ar matrix vs 365 nm in the gas phase).

Our interpretation on the ultrafast dynamics of the ground
state neutral silver trimer is in general similar to that of Wolf
et al. The neutral wavepacket is initially formed in a linear
configuration as a coherent superposition of the eigenfunctions
in the transition state by the vertical FrareRondon photo-

spectra. This ionization scheme is labeled Probe Il in Figure
3. The spectrum shown in Figure 8 was obtained with 410-nm
pump and 273-nm probe radiation, normalized to 100% at the
maximum of the total ion yield. The time zero in the SH
pump—TH probe was determined within an uncertainty~d00

fs by finding the time zero in the charge reversal spectra of
AgO~ and Ag~. As shown in Figure 8, the features of the
spectrum are quite different for the 410-nm pump/410-nm probe
case (Figure 4). The total ion yield peaksMt= 0, decreases
slowly to ~90% atAt = ~400 fs, forms a shoulder feature,
and then drops rapidly to a minimum-10%) atAt = ~1.5

ps. After~1.5 ps, the total ion yield recovers slowly t20%

and then stays constant for at least 50 ps (the longest time delay
used in the experiment). Strikingly, the peak intensity nisiar

= 0 ps is~30 times higher than that of the 410 nm probe, and
even at the plateau regioit = ~2 ps) the yield of the 273-

nm probe is higher than the peak yield of the 410-nm probe.
The pump and probe beams had to be quite defocused in the

detachment process of the SH pump pulse. The internal stateinteraction region to avoid saturation of the ion detector. The
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Figure 8. Ags~ charge reversal spectrum obtained with a 410-nm
photodetachment (pump) and 273-nm REMPI (probe) excitation.

Ag." signal is less than 10% of the total ion yield and shows 100+
similar time dependence as the Agsignal, suggesting that the (b) fixed pump power
Ag," ions were again formed from dissociation of thesAg —~ 801
ions. £
To confirm that the neutral wavepacket being ionized by ff 60
probe pulse was formed on the ground state PES and to
determine how many photons were absorbed from the 273-nm 2%” 404
probe pulse, we measured the pump and probe power depen=
dence of the neutral and the positive ion yield. Figure 9a shows ff
the pump power dependence of the neutral yield with the probe 20
laser off and the Ag ion yield atAt = 300 fs and 3 ps with
a fixed probe intensity. Both neutral and positive ion yield show 0L T
a linear dependence on the photodetachment (pump) laser power, 0
indicating that the neutral wavepacket is indeed formed on the Probe Laser Power (mW)

ground state PES and then ionized by the probe pulse. Thisgigure 9. (a) Pump power dependence of the neutral yield@—)
finding also confirms that the peak ner= 0 and the plateau  with the probe laser off, and the Agion yield at At = 300 fs
at At = 2 ps have the same origin and could represent the (- - -®- - -), 3 ps (-A—), and with a fixed probe intensity; (b) tipeobe
evolution of the ground state neutral wavepacket. The positive Power dependence of the 4gion yield at the same delays and with
ion signal shows a quadratizobe power dependence at both a fixed pump intensity in the case of the 410-nm pur2j33-nm probe.
At = 300 fs and 3 ps (Figure 9b), indicating that the positive : :
ion yields both at the peak and at the plateau are due to two-

photon ionization with the 273-nm probe pulse. The observation wor o’.. ®  Pu(415)/Pr(277)
of the peak neaAt = 0 rather thamt = ~1 ps (the 410-nm e 2 l‘:“(:(llg)g r(izg)
probe case) is remarkable, considering the fact that the neutral ~ ;1 .s uAORr269)
wavepacket was prepared by the same pump wavelength (410 £ «Q%%z;%

nm). In addition to the maximum neat = O ps, the low

positive ion yield (~30%) at~1 ps where the maximum occurs
at 410-nm probe suggests that the intermediate state in the 273-
nm probe case could have a linear minimum energy configu-
ration. The existence of such a linear intermediate state is also 1000 | K
supported by the observation of the lower relative intensities in A 00°0%000000
the plateau region~20%), compared to the case of the 410- w W"’-““o’u
nm probe {35%), since the probe via the linear intermediate 0 . ' .
state would make less access to the neutrals trapped in the
triangular well at longer time delays.

In order to study the dependence of the spectra on the Figure 10. Normalized Ag™ charge reversal spectrum obtained with
wavelength of the TH probe, we obtained additional spectra ~410-nm photodetachment (pump) excitation and 277-, 273-, or 269-

; i _ _ _ nm REMPI (probe) excitation. 46469-nm, 416-273-nm, and 415
with 415-nm pump-277-nm probe and 404-nm purm@As9 277-nm pump-probes. The intensity scale is such that the maximum

nm probe pulses. Figure 10 shows the total ion yield for the ¢ total ion yield of the 415-nm pumpt15-nm probe is 100.
277-, 273-, and 269-nm probes, normalized such that 100

represents the maximum of the total ion yield for 415-nm probe depends strongly on the TH wavelength. Second, the
pump—415-nm probe (Figure 7). The relative intensity factors time dependence of the positive ion yield in the TH probe is
were again obtained in the same way as in the earlier case ofsensitive to the probe wavelength. The details of the charge
SH pump-SH probe. The first thing to notice is the greater reversal spectra for 415-nm pumB77-nm probe are as
ionization efficiency of the TH probe compared to the SH probe, follows: the general features of the spectrum are more or less
indicating a large cross section for intermediate state excitation similar to the case of 410-nm pum@73-nm probe but the peak
by the TH probe. Moreover, the positive ion yield in the TH nearAt = 0 ps is narrower. After the peak neat = 0, the

2000
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total ion yield decays to a minimum-6%) atAt = ~1.5 ps, necessity of careful power dependence studies at all wave-
then recovers slowly ta-10%, and then remains constant for lengths. More systematic studies will be required before the
at least 50 ps. The Ag signal was less than 5% of the total state(s) involved can be identified.

ion signal and showed the same time dependence as tife Ag

yield. For 404-nm pump269-nm probe, the positive ion yield ~ Conclusions

was about an order of magnitude smaller than the case of 415-
nm pump-277-nm probe, and the general features of the
spectrum were also different from the latter. As shown in Figure
10, the total ion yield forms a maximum At = ~800 fs with

a shoulder £80%) nearAt = 0 ps and decays to a minimum
(~60%) atAt = ~1.5 ps. After 1.5 ps, the ion yield recovers

slowly to form weak and broad features{0%) atAt = ~2.5 Ags as a probe step at various wavelengths. We find a strong
ps and then stays more or less constant@% for 50 ps. The  yrohe wavelength dependence of the spectral features such as
weak Ag" signal showed the same general behavior. the time dependence, the peak positions, and the positive ion
The charge reversal spectra for the three different probe yield. The wavelength dependence has been interpreted in terms
wavelengths show the following trend: as the wavelength of the intermediate state resonances and the changes in the
becomes shorter, the positive ion yield decreases, broadens irdetection window, extending the interpretation of Weifal.1
time, and the peak position shifts to later times. At the same We discuss the femtosecond dynamics of the neutral silver
time the relative intensities of the plateau region increases (10%trimer in comparison with their results. Although more
for 277 nm vs 65% for 269 nm). These features are consistentsystematic studies are necessary in order to answer the details
with the involvement of dinear intermediate state in the TH  of the dynamics, it is quite apparent that the charge reversal
[1+1] REMPI step. Although it is not compelling without scheme has the potential of revealing the details of the dynamics
accurate characterization of the intermediate state PES, ourby accessing different intermediate and positive ion states in
interpretation is that the 277 nm excites a state near the bottomthe probe.
of the intermediate state minimum, sampling primarily near ~ The charge reversal scheme is a general technique for
linear configurations on the ground state PES. However, the investigating the time evolution of a coherent, nonequilibrium
269 nm could reach vibrationally excited levels of the inter- state of neutrals, as suggested by Wetfal. With tunable
mediate state covering a wider range of nuclear configurations, femtosecond probe pulses, one can study the time evolution of
including some triangular forms. A greater positive ion signal many unstable radicals. It will be possible to study many
at At = ~800 fs than neaAt = 0 in the case of the 269-nm  fundamental rearrangement processes as a function of location
probe could be due to the fact that the wavefunction of the on the reaction coordinate, including ring opening, ring closing,
vibrationally excited state has a maximum amplitude at the hydrogen atom transfer in simple organic molecules and clusters,
turning point (near the bent form). Furthermore, the reason for and transition states. This technique takes us another step on
a higher positive ion yield at the 277-nm probe compared to the path to realize the goal of observing evolving structures
the case of the 269-nm probe could be that the Fra@dndon along a reaction coordinate.
overlap between the linear wavepacket and the lower vibrational
level of a linear intermediate state would be greater. Another ~Acknowledgment. We gratefully acknowledge the support
interesting observation is that the minimum in the total positive from the National Science Foundation under Grants PHY95-
ion yield for all three probe wavelengths is locatedAdt= 12150 and CHE97-03486. We also acknowledge Dr. Albert
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