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The dynamics of vibrational wave packets excited i, N&ners in the triplet ground and excited states is
investigated by means of helium nanodroplet isolation (HENDI) combined with femtosecond-jpuoie
spectroscopy. Different pathways in the employed resonant multiphoton ionization scheme are identified.
Within the precision of the method, the wave packet dynamics appears to be unperturbed by the helium
droplet environment.

Introduction In the present work, we report on pumprobe measurements

With the advent of femtosecond (fs) laser techniques, it has Of Na dimers formed on helium nanodroplets in their triplet
become possible to directly observe nuclear dynamics of ground state. To our knowledge, this is the first time that wave
molecules and to chart the path of chemical reactions in real Packet dynamics has been observed in the weakly bound triplet
time 14 In fs pump-probe experiments of isolated molecules, manifold of alkali dimers. Due to the well-known potential
a pump pulse prepares an initial wave packet, i.e., a coherentCUrves, the easily accessible optical transitions, and their simple
superposition of vibrational states which evolves in accordance Preparation in molecular beams, alkali dimers are among the
with the time scales of vibrationab{L023 s) and rotational ~ Most thoroughly studied systems in the gas phase by means of
(10710 s) motion. The evolution of the wave packet is then fS spectroscopy. The wave packet dynamics of Masinglet
probed with a time-delayed probe pulse via excitation to a States has been investigated in detail using multiphoton ioniza-
specific final state which can be selectively detected. To date, tion by the group of G. Gerbéf: 2 Various ionization pathways
fs pump-probe spectroscopy is an established technique with were found depending on laser frequency and inteA$ftyAt
applications ranging from fundamental studies of the photodis- high laser intensities (28 W/cn¥), the formation of a wave
sociation dynamics of small molecules to the control of energy packet in the electronic ground statéDg was observed?
transfer in biological systent<’ Furthermore, interesting effects were studied such as revivals

Real-time studies of molecules embedded in inert noble-gas of the wave packet motion, wave packet propagation in-spin
matrices are motivated by a variety of new many-body effects orbit coupled states, and the influence of wave packet dynamics
prototypical for chemistry and biology in a condensed environ- on above-threshold ionizatidf?%2!Photoelectron spectroscopy
ment, such as solvational shifts of electronic states, eleetron in combination with fs pumpprobe laser pulses was found to
phonon coupling, matrix-induced electronic and vibrational be a sensitive method revealing a wealth of additional informa-
relaxation and decoherence, reduced dissociation probabilitytion not obtainable from the total yield of photoioHe?23
(“caging effect”), excimer and exciplex formation, and charge Moreover, using phase shaped fs laser pulses, the coherent
recombinatior. At the same time, these conceptually simple control of molecular multiphoton ionization was demon-
model systems are still accessible to theoretical treatment. Thestrated!®2* Besides fs studies on Naimers, Na trimers and
pioneering work by Zewail and co-workers using ds a Na, clusters have been studied in real tifAe2”

molecular probe and varying the structural properties of the  Helium nanodroplets are widely applied as a nearly ideal
solvent environment from gas, over cluster and liquid to solid, cryogenic matrix for spectroscopy of embedded molecules and
has been extended to a number of halogen molecules as wellsnanoscopicreactors for building specific molecular compféx&s.

as Hg isolated in rare gas matric&s!? Due to the difficulty ~ Alkali atoms and molecules represent a particular class of dopant
of implanting impurities into liquid helium, no real-time particles due to their extremely weak binding to helium droplets
measurements with molecules in bulk liquid or solid helium ith binding energies on the order of 10 K (7 ch From
have been reported until now. In a recent publication from our poth theory and experiment, it is known that alkali dimers reside
group, we presented for the first time purrrobe spectroscopy  jn bubble-like structures on the surface of helium droptéta.

of covalently bound K dimers attached to superfluid helium  Therefore, spectroscopic shifts of the electronic excitation

nanodroplets? Different photoionization schemes were applied  spectra of alkali dimers are in the range of only a few ém
to study the influence of the helium environment on the wave \yith respect to the gas phai2®.32.33

packet propagation. Moreover, the desorption dynamics,of K

s . Collisional, internal as well as binding energies are dissipated
off the helium droplets was directly observed. 9 9 P

by the helium droplet through evaporation of helium atoms,

TPart of the “Roger E. Miller Memorial Issue”. which may cause desorption of the alkali dimers from the
* Corresonding autor. E-mail: Mudrich@physik.uni-freiburg.de. droplets. Since the amount of internal energy released upon
* Universitd Bielefeld. . .

§ Max-Born-Institut. formation of ground state () dimers greatly exceeds the
'Universita Freiburg. one released upon formation of dimers in the lowest triplet state
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Figure 1. Potential energy curves of Naopulated in the fs pumpprobe experimen The arrows indicate pump and probe transitions leading
to photoionization according to two different pathways: one-photon excitation of a wave packetcistdte followed by resonant two-photon
ionization (a) and creation of a wave packet in the inigiatate by resonant impulsive Raman scattering followed by three-photon ionization (b).
Only selected relevant curves of the triplet manifold are included.

a3%], the latter have a higher chance to remain attached to thediameter at a stagnation pressure of 80 bar and at a nozzle
droplets. This leads to an enrichment of the droplet beam with temperature of about 23 K. Doping of helium droplets with Na
high-spin dimers and clusters compared to covalently bound molecules in thes = 0 triplet ground state is achieved by
systems$2-37 Thus, HENDI opens the possibility of spectro- successive pick up of two Na atoms in a vapor cell. The number
scopically studying the triplet manifold of alkali dimers which  of collisions of the droplets with free dopant atoms inside the
is difficult to reach by standard techniqu®&s3®> The alkali- vapor cell is controlled by its temperature. Given the flight
helium droplet complex eventually equilibrates at the terminal distance of the droplets of 1 cm inside the vapor cell a
temperature of pure helium droplets of 380 mK. Thus, only the temperatureT ~ 485 K (pna = 4 x 1074 mbar) of the Na
lowest vibrational state = 0 and a few rotational states are reservoir provides the highest probability for pick-up of two
populated which provides well-defined starting conditions for dopant atoms per droplet.
a pump-probe experiment. In contrast to conventional molec-  The beam of doped helium droplets is intersected perpen-
ular beam experiments, this is true even for the weakly bound dicularly by the laser beam inside the detection volume of a
triplet ground statea®, with a vibrational constant in the — quadrupole mass analyzer. Thus,Ndimer ions which have
range of 20 cmZ. Upon electronic excitation, alkali atoms and been optically excited and ionized by absorption of three or
molecules mostly desorb from the droplets as a consequencenore laser photons and which have desorbed from the helium
of evaporation of helium atoms after energy deposition in the droplets are detected mass selectively. The laser pulses having
helium droplet. The dynamics of the desorption process has beern average output power of around 1.2 W are generated by a
observed for the first time by analyzing the wave packet motion Ti:sapphire laser at 80 MHz repetition rate. The pulse width is
of K, dimers on helium dropletsS. about 110 fs corresponding to a spectral width of 135%tm
Due to their weak coupling to the surrounding helium (FWHM). The laser pulses are split into pairs with variable delay
environment, alkali dimers on helium droplets can be viewed Using a Mach-Zehnder interferometer.
as an intermediate system between free molecules and molecules
isolated in conventional cryogenic matrices. The wave packet Results

propagation is expected to be only weakly perturbed. The highly  The one-color pumpprobe experiments reported in this
quantum nature of superfluitHe droplets versus normal fluid paper are carried out in the wave length regios 733-761
®He droplets may affect the coupling of the wave packet motion nm (13146-13640 cnt?). The excitation scheme leading to
to the droplet. Moreover, exotic high-spin molecules and wave packet propagation and subsequent ionization is illustrated
complexes formed on He droplets have been studied in realin Figure 1 using the unperturbed potential curves from ref 38.
time 32737 The relevant curves are the triplet ground s8], the first
excited triplet state®s,;, and the excited statés; . The ionic
continuum to which the Nadimers are eventually ionized is
The experimental setup is described in detail in ref 13 and is not shown. The arrows in Figure 1a,b indicate two different
only briefly discussed here. It comprises three main parts: a excitation pathways leading to photoionization which are
molecular beam apparatus that provides,-Naped helium identified in this work. In both cases the excitation starts from
droplets, a laser system to produce pairs of fs laser pulses, andhe vibrational ground staia?Zj, v = 0. In the case shown in
a mass selective ion detector. The beam of helium droplets of (Figure 1a), the absorption of one photon from the pump pulse
mean size around 5000 helium atoms is produced by expandingcreates a wave packet by coherent superposition of about 3
high purity helium into vacuum through a nozzlegsn in vibrational states around = 10 in thec-state close to the

Experimental
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Figure 2. Pump-probe transients of Neon helium nanodroplets at Figure 3. Fourier transform of the pumpprobe scan at laser wave
different laser wave lengths. The combs indicate the positions of lengthA = 747 nm. The frequency components labeled with numbers
maxima of two superimposed oscillations in the transient ion signal 1—4 reflect the dynamics of wave packets in thstate (solid arrows
recorded afl = 747 nm. in Figure 1), and the component number 5 reflects the wave packet

. . . dynamics in thec-state (dashed arrows in Figure 1).
classical outer turning poi.The wave packet then propagates

inward. At the inner turning point the probe pulse can ionize TABLE 1: Comparison of Energy Spacings between
the excited Nain a two-photon step efficiently since the photon Vibrational Levels » in the Triplet Ground Stat93§132+u
energy comes into resonance with the energy difference betwee Ab(t;a'”‘)e%f;%rg '(rgrﬁg_\s)v%ﬁe( i%ECtr°§C°pyA(GeXP)' Theory
the ¢, and 35 states. Thus, a FraneiCondon (FC) theol HERD!

window for the resonance-enhanced ionization opens at a well- AGSQP AG"}‘;O AGHETD'
defined internuclear distance and therefore the wave packet (wotl) (cm™) (em™) (cm™)
dynamics in the-state is filtered out. The measured photoion- (0] 23.67 22.94 233
ization yield shows an oscillatory structure corresponding to 8% ig'g; iégg ig';
the vibrational motion of the molecules (cf. Figure 2). Since ' ' ' '
the time between the creation of the wave packet and the first
appearance of the NMaons roughly equals half the period of
the wave packet oscillation the measured oscillation has a well-
defined phaseb ~ s at zero delay times. In the second case
(Figure 1b), a wave packet is created in the initié)::h
electronic state by resonant impulsive Raman scattering (RISRS)
through coherent superposition of about 3 vibrational states
aroundv = 1. This wave packet, initially centered around the
minimum of the potential well, propagates toward the inner
turning point and is ionized by three-photon absorption.
Therefore, the time delay between wave packet creation and

ioni.zation approximately equals one-quarter of the osgillation is created in the triplet ground state by RISRS. The additional
period such that one observes a phase at zero delaydtime weaker oscillation al = 747 nm can be isolated by applying

mt/2. Which one of the two photoionization schemes dominates a narrow band-pass filter around the frequency 88 =

Lhneeg;lill%nal depends on the laser wave length and the pulse380(4) fs) to the data and by repeating the analysis procedure

The raw pump-probe transients of Naattached to helium described above. The resulting phaseg; nm = 1.00(1)r.

nanodroplets are processed by applying a band-pass filter whichThus’ this weak oscillation can be attributed to the dynamics

suppresses slowly varying contributions to the ion count rate °f & Wave packet in the potential of the first excited SUAR .
as well as high_frequency noise' as discussed in detail in ref In order to obtain more quantitative information about the
13. The time range 0600 fs is omitted because the signal is €xact frequencies and relative amplitudes of the contributing
entirely masked by the autocorrelation trace of the copropagatingfrequency components the purprobe traces are Fourier
pump and probe pulses. Typical processed real-time pump transformed in the entire recorded delay time interval. The
probe transients at different wave lengths of the femtosecond resulting spectrum obtained from the scan recorded=at747
laser are displayed in Figure 2. nm is shown in Figure 3. The spectrum comprises 3 groups of
The best contrast of oscillations in the photoionization signal frequencies. The frequencies of the first most prominent group
is achieved at the laser wave lendths 747 nm. The signalis ~ are 18.1(6) cm?’, 20.7(7) cm?, and 23.3(5) cm. These
dominated by an oscillation with a period of about 1.5 ps. An frequencies constitute the dominant wave packet oscillation in
additional superimposed periodic signal is visible as small peaks the triplet ground state®s; shown in Figure 2 and correspond
in between the dominating maxima. At wave lengths 761 to the vibrational level spacindG(v,v+1) = G(v) — G(v+1)
nm andA = 733 nm the transient signals have weaker contrast between neighboring vibrational levels v+1. Table 1 com-
and are clearly dominated by a strong oscillation of the same pares the measured values of this wokG{enpi) with
period as observed at= 747 nm. In a first step the data are experimental values obtained from fluorescence spectroscopy
analyzed in the time domain by assigning index numbers to in the gas-phase by Li et &.(AGeyy), and theoretical results
the most prominent maxima and by performing linear regression by Ho et al*9(AGeg. This comparison shows clearly, that the

of the index numbers as a function of delay tif&his yields

the oscillation period§747 nm= 1484(2) fs,T761 nm= 1470(6)

fs, andT733nm = 1468(5) fs and phase®747 nm = 0.496(3)r
(368(2) fs), D761 nm = 0.52(3)7 (383(20) fs), and®733nm =
0.78(4)t (573(26) fs). The numbers in parentheses indicate the
experimental uncertainty of the last digits. These data are
included in Figure 2 in a comb representation for visualization
of the underlying oscillations &t = 747 nm. AtA = 747 and
761 nm, the phase lag roughly equdis= 7/2 indicating that

the oscillation is dominated by wave packet motion according
to the second scheme described above, in which a wave packet
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observed frequency components3 can be assigned to level
spacingAG(0,1),AG(1,2), andAG(2,3), respectively. Frequency
component 4 (45.3(6) cm) matches within the error bar twice
the valueAG(0,1). Therefore it can be attributed to coherent
excitation of vibrational levels wittAv = 2, in particular
AG(0,2), andAG(1,3). These results in combination with the
fitted phased ~ 7/2 confirm the interpretation in terms of wave
packet dynamics induced in the triplet ground stzﬁ‘éj by
RISRS, followed by three-photon ionization at the inner turning
point of thea-state potential.

In order to identify frequency component number 5 (88.0(6)
cm™Y) it is compared to the values from fluorescence spectro-
scopy of Na attached to helium dropletd.Accordingly, ati
= 747 nm the vibrational states = 9—11 of the first excited
statec?Zg+ are populated when taking into account the spectral
width of the laser pulses. The vibrational level spacita@(9,-

10) = 88.1 cnm! and AG(10,11) = 87.2 cn1?, are in good

Claas et al.

as indicated by the poor overlap of the initial wave function
= 0 in the a3, state with the wave packet in thestate
shown in Figure 1a. The change in the radial coordinate followed
from the wave packet motion in thestate, however, opens a
resonant window to the ionic continuum for the probe step at
the inner turning points of the state%zg+ and 3.

In contrast, the wave packet induced in thstate by RISRS
has at the inner turning point large overlap with vibrational states
in the potential of the-state, as illustrated in Figure 1b. Thus,
the probe transition to the ionic continuum is resonantly
enhanced. In default of potential curves at higher excitation
energies, it cannot be determined whether the second stage
involved in the probe step is also resonant. However, since the
density of electronic states increases with energy, it is likely
that the second stage before reaching the ionic continuum is
resonance enhanced as well. In total, this second pathway to
ionization may be more efficient due to more efficient probing

agreement with the value found in this work within the at the inner turning point, even though a two-photon transition
experimental uncertainty. Due to the limited spectral resolution is involved. Note, however, that the measured contrast does not
of the Fourier spectra, the two frequencies are not resolved anddirectly reflect the amount of population in ground or excited
presumably both contribute to the observed signal. This agree-states but rather the localization of the wave packet inside the

ment in connection with the fitted phase of the oscillatby),,
nm ~ sz implies a pump-probe ionization scheme in which
the wave packet motion is induced in tbézg state by the

Franck-Condon window. The latter may be greater for the
RISRS process.
Other potential curves have been considered to interpret the

pump pulse and probed by the probe pulse at the opposite, innebserved wave packet dynamics but none were found at these

turning point, as previously described.

Fourier analysis of the pumfprobe transients at = 733
nm andl = 761 nm essentially reveals only one frequency
component at about 20 crhwhich is attributed to the dynamics
in the triplet ground stata323, in analogy with the discussion

particular excitation energies having appropriate symmetries.
The same arguments can be applied to the observations at laser
wave lengthl = 733 and 761 nm. AL = 733 nm, transition
probability froma3zj, v = 0 to thec-state is higher than at

= 747 nm, however, the probe step to thﬁ}% state is no

above. The missing frequency component corresponding to thelonger resonant. At = 761 nm, transition probability to the

dynamics in thec3zgjr state is probably due to the weak
contrast of the signal. Alternatively, the creation or the detection
of such a wave packet may be suppressed.

Discussion

c-state is even weaker than at= 747 nm.

In the dominating RISRS process, the evolution of the
vibrational wave packet in the ground state drives the inter-
nuclear distance into resonant conditions for ionization at the
inner turning point. Since the vibrational states of the triplet
ground state could readily be populated by thermal energies in

The presented measurements reveal that vibrational wavenormal gas-phase experiments, the process observed in our
packets can readily be placed into the triplet ground and the experiment underlines the importance of the low temperatures,

excitedc-state. The corresponding FrareRondon windows
project the wave packet motion with high contrast to the final

having the ensemble of molecules only in the vibrational ground
state. A mixture of populated vibrations from a thermal

ionic state. Evaluation of the phases allows to locate both the distribution would probably wash out FC windows and hamper

radial position when forming the wave packet as well as the
radial position of the FranckCondon detection window. In this

the observation of wave packet motions because of direct
resonant conditions from the electronic ground state.

regard the RISRS process comes out as a peculiar case where Earlier measurements with,Kon helium droplets clearly
the wave packet appears to be formed at the center of the groundevealed additional dynamics due to the desorption pb&

state potential well, while the ionization step clearly is very
much enhanced at the inner turning point.

Vibrational shifts of molecules attached to helium nanodrop-
lets typically lie in the range 042 cn ! (ref 28). Since alkali

the helium droplet33 At certain excitation energies, both the
oscillation frequencies and the FraneRondon windows de-
termining the relative amplitudes of different ionization path-
ways displayed a time dependent variation. In contrast to that,

dimers reside on the surface, even smaller shifts might be nNo such dynamics is observed with N&oth oscillations in
expected. The results reported here give vibrational energiesthe a and in thec-states have nearly constant amplitudes and
that go along with the gas-phase values within the errors of the frequencies in the studied time window between 0 and 10 ps.

experiments. Accordingly, earlier measurements withdi

Therefore, either the time scale for desorption of Ijeeatly

helium droplets revealed helium induced shifts of level spacings e€xceeds the pumgprobe delay times studied in this work.

with respect to the gas phase of less than Tctref 13).

At all three laser wave lengths, the dominating channel is
the multiphoton ionization according to the scheme involving
wave packet motion in the triplet ground staféj induced by
RISRS. The wave packets induced in tbﬁ;r state give
significantly less contrast in the pumprobe transients. This
can be interpreted qualitatively using the following arguments.
At 1 = 747 nm, the excitation of a wave packet directly in the
c-state is considerably suppressed by Frar¢&ndon principle

Alternatively, the perturbation of the dynamics of Nay the
helium environment is so weak that the desorption process
remains hidden.

Conclusions

In conclusion, the dynamics of vibrational wave packets in
triplet states of Na on helium nanodroplets is studied by
resonant multiphoton ionization at different laser wave lengths.
To our knowledge, this is the first demonstration of wave packet
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propagation in weakly bound triplet states. Two distinct ioniza-  (16) Baumert, T.; Engel, V.; Rtgermann, C.; Strunz, W. T.; Gerber,

; ; i ; i . Femtosecond pump-probe study of the spreading and recurrence
tion schemes are identified by analyzing frequencies and phaseg: “CbeERond PUT packet in NaChem. Phys. Lett1992 191
of the wave packet oscillations. The measured vibrational g3g

frequencies coincide with the gas-phase values within the error  (17) Engel, V.; Baumert, T.; Meier, Ch; Gerber, G. Femtosecond time-

bars. This reflects the fact that helium nanodroplets only weakly resolved molecular multiphoton ionization and fragmentation on: Na
experiment and quantum mechanical calculatighsPhys. D1993 28,

perturb the vibrational structure of embedded molecules and ;7'
therefore are very well suited as matrix for spectroscopy. (18) Assion, A.; Baumert, T.; Helbing, J.; Seyfried, V.; Gerber, G.
Clearly, the low-temperature conditions, in particular the Coherent control by a single phase shaped femtosecond laser @hése.

ot ; Phys. Lett.1996 259, 488.
presence of only vibrational ground state population, appears {19) Assion, A.; Geisler, M.; Helbing, J.; Seyfried, V.; Baumert, T.

to be essential for the observed wave packet dynamics. Inremtosecond pump-probe photoelectron spectroscopy: Mapping of vibra-
contrast to real-time experiments on potassium dimers, no tional wave-packet motiorPhys. Re. A 1996 54, R4605.
dynamics to be attributed to the desorption of,a energy (20) Assion, A.; Baumert, T.; Helbing, J.; Seyfried, V.; Gerber, G.

7 . Femtosecond time-resolved observation of above-threshold ionization in
dissipation to the droplet could be extracted from the observed \,, phys. Re. A 1997 55, 1899.

oscillations. (21) Rutz, S; Greschik, S.; Schreiber, E.; %t L. Femtosecond wave
In the future, these measurements will be extended to |Ongerpacket propagation in spin-orbit coupled electronic states of thg Na

- . . molecule.Chem. Phys. Lettl996 257, 365.
pump—probe delay times in order to probe the dynamics on a = (22) Meier, Ch.: Engel, V. Electron kinetic energy distributions from

longer time scale and to improve the frequency resolution of multiphoton ionization of Nawith femtosecond laser pulséghem. Phys.
the Fourier spectra. In particular, the effects resulting from the Lett. 1993 212, 691,

. . . (23) Meier, C.; Engel, V. Mapping of the wave-packet dynamics in a
perturbation due to the helium environment may be ObserVable'double—well potential via femtosecond pump/probe photoelectron spectro-

Also, quantum dynamics simulations should be performed, scopy.J. Chem. Physl1994 101, 2673.
introducing perturbed Napotential curves to quantify the . (%4) Meyéer, S.; l)ﬂelebr, (o |_=_tntge|, V._trl?h%t_oeledctronbdlstrlll;l;téohns from
; ; ; emtosecond pump/probe excitation with chirped probe pu em.
influence of the helium matrix. Phys.1998 108 7631.

(25) Baumert, T.; Thalweiser, R.; Gerber, G. Femtosecond two-photon

Acknowledgment. Technical support with the laser system ionization spectroscopy of the B state of \@usters.Chem. Phys. Lett.

i i 1993 209, 29.
]E.rom y'” Petrov ItS dgltf)at?:]uu)lglzaéknOWl(Edged' The work is (26) Reischl, B.; de Vivie-Riedle, R.; Rutz, S.; Schreiber, E. Ultrafast
Inancially supported by the : molecular dynamics controlled by pulse duration: The; Nelecule.J.
Chem. Phys1996 104, 8857.
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