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Multiple Excitation and Lifetime of the Sodium Cluster Plasmon Resonance
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The large collective resonance of the spherical clustef; Nas been studied using a femtosecond
laser, which directly excites the resonance. Photofragment size and charge distributions have been
measured. A large intensity of doubly and triply charged fragments has been observed, which
is absent when applying nanosecond laser pulses of the same wavelength and pulse energy. The
efficient ionization processes can be understood as autoionization of the multiply excited collective
resonance. A simple rate model gives an estimate of about 10 fs for the lifetime of the resonance.
[S0031-9007(97)05248-4]

PACS numbers: 36.40.Gk, 36.40.Vz, 71.24.+q, 71.45.Gm

Alkali clusters have a very strong collective, plasmon-The only earlier experiment using this scheme with fem-
like resonance in the visible part of the optical spectrumtosecond laser excitation studied small silver clusters [8].
which can classically be described as a collective oscilla- The experimental setup (see Fig. 1) is similar to that
tion of a homogeneous electron gas against a backgrourtkscribed earlier [9—11]. Cluster ions with a temperature
of positively charged ions. Although this resonance ha®f ~105 K are produced in a gas aggregation source [11],
been intensively studied in recent years [1—-3], some funand mass selected in a first time-of-flight mass spectrome-
damental questions still remain unsolved. Among thenter (TOF1). The intensity is typically 10-50 clusters of
are two which are addressed here: (1) What is the lifeNay; per pulse. The clusters are photoexcited, and the
time of the resonance and (2) is a double (or multipleyesulting photoproducts are mass separated in TOF2 and
excitation of the plasmon possible, as in the kindred nudetected. Two different laser systems can be used. Either
clear physics case? an excimer pumped dye laser with a typical pulse length

The nuclear physics analogue of the collective oscilla-of 10 ns is used, or a femtosecond titanium-sapphire laser
tion is the giant dipole resonance, the classical picture afystem can be employed, which has today’s standard
which is that of a proton liquid oscillating against a neu-configuration. Briefly, the second laser consists of ah Ar
tron liquid [2]. A few years ago it was discovered that laser pumping a Ti:sapphire oscillator employing Kerr-
a doubly excited state of this giant resonance exists [4]lens mode locking [6,7]. Its 80 fs pulses are stretched by
An interesting question therefore is: Does such a doubla factor of 2000, amplified by a regenerative amplifier,
excited collective state also exist in clusters, and how caand recompressed. The intensity at 800 nm is typically
it be excited? As will be shown below, this type of ex- 1 mJ per pulse with a repetition rate of 30 Hz. Frequency
citation exists indeed, and can be excited by a sequentiaésolved optical gating gives a pulse length of 75 to 110 fs
absorption of two photons from an ultrashort laser pulse.with no visible chirp [12]. After frequency doubling

It has to be emphasized that the experiment presentdtie pulse length is 100—150 fs. The intensity/iad =
here is very different from recent experiments, where th&.1 eV is typically 0.3 mJ which corresponds @ X
nonresonant interaction of very intense, ultrashort laset0'* photons per pulse.
pulses with clusters has been studied [5]. In these ex- The diameter of the laser beam has to be matched to
periments, where laser fluences 5—8 orders of magnitudbat of the cluster beam in the interaction region, which
higher than employed here have been used, the clusters are

so highly excited that copious amounts of x rays and high hv

energy electrons are emitted. Such nonlinear effects are A

absent at the power levels used in this experiment.
There are other studies where comparably weak femto- D

second laser pulses have been employed to study cluster , .
excitation and ionization. In most cases these weré&!G. 1. Schematic of the experiment. Clusters from a tem-

ltiohoton ionizai tudi n tral clusters: £erature controlled cluster ion source (CIS) are mass selected
multiphoton 1onization studies of neutral clusters. mas y the first time-of-flight mass spectrometer (TOF1). They are

distributions of charged products are monitored whiléjrradiated by a photon pulse, whose length is either 10 ns or
ionizing non-mass selected clusters with femtosecond00-150 fs. Charged fragments are separated by the second
laser pulses [6,7]. time-of-flight mass spectrometer (TOF2). Both TOFs are of
Here we want to present a study of large sodium clusterdhe reflectron type, having mass resolutions of 1500 and 800,
here the clusters are mass selected before and after t gspectively. The clusters are decelerated (D) before, and ac-
w ’ - . - Slerated (A) after, the laser interaction, in order to overcome
laser interaction. As will be seen below, this double masshe limited acceptance window of TOF2. Det represents the

selection is indispensable for the problems studied hereletector.
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is about 3 mm and cannot be reduced without severstarts evaporating atoms on the time scale of this experi-
intensity loss. Thus, in contrast to most experiments witrment (107> s). It thus follows directly that if more than
ultrashort pulses, the laser beanmist focused, but has a eight photons are absorbed by the cluster, ionization takes
FWHM of 2.5 mm in the interaction zone. This first study place with near 100% probability. This observation al-
was performed on Ng, which has a closed electronic lows an estimate of the lifetime of the resonance as dis-
shell of 92 electrons and is thus spherically symmetric ircussed below. (2) For higher laser intensities the doubly
the nearly free electron (or jellium) model [2]. Its one- charged fragments are ionized again, and triply charged
photon absorption cross section has been measured earl@usters are produced. At even higher power levels, four-
to be about0 A% atfiw = 3.1 eV [10]. fold charged clusters might be produced, but these are
A typical photofragment distribution is shown in Fig. 2. unstable due to Coulomb repulsion [13]. However, in
A large intensity of doubly and triply charged clusters isthe case of larger clusters this is possible; for the ioniza-
observed. This is in stark contrast to the observationsion of Naj,;s we detected up to fivefold ionized products
for nanosecond laser pulses, where no ionization occufd5]. This efficient production of high charge states re-
at this wavelength, even if the laser intensity is highveals that the photoionization of the excited clusters has
enough to totally fragment the cluster [3,13]. The sizea cross section similar to the very large cross section of
distributions of the singly and multiply charged fragmentsthe first excitation step; this can be explained only by a
show an enhanced intensity every three to four atomsnultiple excitation of the collective resonance, followed
This is due to the fact that the binding energy of oneby autoionization.
atom is about 0.9 eV [3], so that for one absorbed In order to further evaluate the measured laser power
photon ofiw = 3.1 eV on average 3.4 atoms are ejected.dependence of the fragment distribution, we have used
This structure is visible only for clusters of a well a simple rate model. It is an extension of a rate model
defined temperature. Its observation is very helpful, as itvhich was successfully used earlier for the sequential
enables the determination of the exact number of photonghotoexcitation with a nanosecond laser [16]. The as-
absorbed, which, in a different experiment, has allowedgumptions of this latter model are (1) the cluster absorbs
us to determine the specific heat of size-selected sodiuphotons with ratep = o ¢, where ¢ is the laser inten-
clusters [14]. sity, ando is the photoabsorption cross section which is
Spectra like the one shown in Fig. 2 have been meaassumed to be independent of the cluster size. (2) The
sured for a broad range of laser intensities. Two resultglectronic energy relaxes with rateinto the vibrational
can be obtained immediately for §la (1) Unlike the degrees of freedom, which finally leads to the ejection of
case of excitation by nanosecond laser pulses, no singgtoms. This model is generalized here (see Fig. 3). The
charged fragments smaller than abougNare observed. main assumption is that not only one collective excited
As explained above, about six photons/ab = 3.1 eV  state exists, but a ladder of equally spaced excited states.
are necessary to eject 20 atoms. Additionally two phoif the lifetime of the collective resonance is comparable
tons are needed before a 93 atom sodium cluster at 105 # the mean time between two photon absorptions, one
has the possibility of climbing up this ladder to multiply
excited states. Technically, the main ingredients of the

mass [doubly charged] rate model are (1) the cluster absorbs photons with rate

62 % 10 50 200 p = o¢ not only independent of cluster size, but also
. independent of charge state and excitation. (2) Excited

5 7 Na» states below the threshold for electron emission relax with

rate nr into vibrations  being the state quantum num-
ber as given in Fig. 3). (3) Above the threshold, electron
ejection occurs immediately.

Na, The corresponding rate equations have been solved
24 [15]. The results are Poisson distributions for the intensity
Na, I(k,j) of the cluster in charge statg, after having

*1 M absorbed photons from a laser beam of pulse length

intensity {arb.units]

A 1k, j) = Ak, j,r,7) (0 p7)* exp(—opT)/k! (1)

mass [eingly charged) The factorA(k, j, r, 7) gives the branching ratio between

FIG. 2. Photofragmentation mass spectrum of;Naroduced  the different charge states. These equations have been fit-
by a 140 fs pulse. The smallest singly charged fragmentsed to the photofragment intensities which were measured

observed have lost around 20 atoms. A large intensity obc 5 function of the laser intensity. Good agreement
doubly and some triply charged fragments is seen. There is btained h in Fia. 4. Th t val f thi
a different mass scale for singly and doubly charged fragmenté.S obtained, as shown In Fig. 4. e greal value of this
Note that for a 10 ns pulse length one observes only singhanalysis is that, in principle, it yields three important pa-

charged fragments. rameters: the number of photorig fecessary to produce
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27— be discussed. (1) Rate models loose their validity if the
laser pulse lengthr is of the order of the physical time
1 scales involved, and have to be replaced for shorter
p by the optical Bloch equations [17]. These have been
S— | solved numerically for the present model [15]. Significant
4 ++t+ deviations from the rate model results are found for
7 n T = 50 fs, which is a factor of 2—3 shorter than our
3 pulse length. (2) The electron emission is assumed to
K be very fast, but not fast enough to significantly influence
2~ p the absorption cross section. The fact that the electron
) loss is a very fast process indeed has been demonstrated
1 Na, earlier in a study of Na (which has 92 valence electrons
r% as well) [18]. (3) The photoabsorption cross sectien
0 is assumed to be independent (within a factor of 2) of
Na© the charge state, the temperature, and the excitation of the
n cluster. The first two of these points are in agreement with
FIG. 3. Graphical representation of the rate models describetecent measurements [19,20]. The last pointbeing
in the text. The electronically excited = 1 state of the mass jndependent of the degree of electronic excitation, can be
selected (and therefore charged) clustef Nepopulated with understood if the plasmon resonance is regarded as the

rate p. The n = 2 state is populated if the next photon is L fad dh . il Thi |
absorbed before the electronic energy is relaxed into vibrationg#Xcltation of a damped harmonic oscillator. This analogy

energy (which happens with rate). The n = 2 state of IS explained below.
Naj; can decay by electron emission to the= 0 state of The classical oscillation of a rigid electron gas against
Nay;". Here the same ladder climbing continues, only nowa spherical and homogeneously charged ion background
three photons are necessary to produce a triply charged clustgg harmonic unless very high excitation energies are em-
Every excited state can of course relax, which is drawn Onlyployed. This can be seen by calculating the classical elec-
trostatic energy as a function of the relative displacement
of ions and electrons, and fitting the minimum of the re-
) ) ) sulting potential with a harmonic potential [15]. The fre-
a certain cluster size, the average absorption cross seggency of this harmonic oscillator turns out to be the Mie
tion (o) of the excitation process, and the lifetime of thefrequencyw(Mie) = wp//3, Wherew) is the bulk plas-
excitation (/r). The parametek follows also from the  mon frequency [1-3]. Save for the spill-out correction
fragment size (as discussed above), and can thus be usgd 3], » (Mie) agrees with the experimentally determined
to check the validity of the fit. peak position of the plasmon resonances, for clusters con-
The rate model used is as simple as possible, in Ord%mining more than 40 sodium atoms [10].
to obtain the relevant physics with a minimum number |y the experiment, we might reach up to the third or
of free parameters. The assumptions involved will Nowfoyrth state of this harmonic oscillator. For these ener-
gies, the deviation of the calculated electrostatic potential
from the harmonic potential is negligible, so that, in a
7 classical approximation at least, the collective resonance
represents a perfect harmonic oscillator. As the oscilla-
a tor strength of a harmonic oscillator and its damping are
/ \ expected to increase linearly with the quantum number
A [17], a constant level-to-levet results, in agreement with
/ A assumption three above.
w Within this harmonic oscillator model, thé® — 1
1/ Y excitation corresponds to the well known Mie resonance
//’ \\ [L1-3]. But also the existence of the higher excited
/ e states, which have never been observed before, now seems
,./ obvious. There is one theoretical result to support this
i . , - prediction: in a calculation of a Na in a strong light
field, harmonic excitations up to the fourth level were
found [21]. In this respect, the clusters differ from the
FIG. 4. Tpedigtensgy of N as a#]nCtion of |a~':’efff|£x islwel_l nuclear case, where it was only possible to excite the
approximate a Poissonian. The exponent of Eq. ive :
thpep mean numger of photons absorbedg( 33 = 0.2qhe(r(2).g ﬁloubly exglted state. Apparently the Iong range .COUI()mb
This is in good agreement with the value calculated from theforCe proyldes fora mgch more h_armonlc potential [22].
known values of the atom binding energies and the cluster's It remains to determine the lifetim#r of the resonance.
heat capacity. A rough estimate can be obtained from the following
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argument: singly charged fragments can be obtained only The work has been supported by the Deutsche
if the electronic excitation decays before the next pho+orschungsgemeinschaft through SFB 276.

ton is absorbed. This givedt =~ 7/N,,, wherer =
120-150 fs is the pulse length of the laser, aNg,,, = 8

is the maximum number of photons which can be ab-
sorbed without ionization_ occurying. This givey = [2] M. Brack, Rev. Mod. Phys55, 677 (1993).

1.5—20_fs. A better value is O_btam?d from the rate equa- [3] C. Bréchignac, inClusters of Atoms and Molecules |
tions introduced above, which yield§: = 10 * 3 fs. Springer Series in Chemical Physics Vol. 52, edited by
But also this value can still only be seen as an estimate, H. Haberland (Springer-Verlag, Berlin, New York, 1995),
of course, due to the simplifications incorporated into the  Chap. 4.1.

rate model. Experiments and theoretical studies are in[4] J. Ritmanet al., Phys. Rev. Lett70, 533 (1993).

progress to improve the accuracy of this determination[5] T. Ditmire, T. Donelly, A.M. Rubenchik, R.W. Falcone,
[15]. These small values fatz, which correspond to only and M.D. Perry, Phys. Rev. A3, 3379 (1996), and
a few periods of the optical cycle of 1.32 fs, are similar to references therein.

very recent results of lifetime measurements of the collec-[6] T. Baumert and G. Gerber, Adv. At. Mol. Opt. Phys.
tive excitations of gold, silver, copper, and sodium clus- 35 163 (1995); W. Castleman, Chem. Phys. Leu8g

) 1 (1996).
ters on isolator surfaces, where values of about 10 fs andm See articles by G. Gerbast al., in Ultrafast Phenomena
lower were obtained [23]. ' -

. . IX, Springer Series in Chemical Physics Vol. 60 (Springer,
This Letter has touched upon several theoretical ques-  Berin, New York, 1994): L. Wostet al., ibid.

tions, whose answers are either scarce or unknownig] s. wolf, G. Sommer, S. Rutz, E. Schreiber, T. Leisner,
(1) How good is the harmonic approximation? (Proba- and R. S. Berry, Phys. Rev. Left4, 4177 (1995).

bly not bad, in view of Ref. [21] and the results presented [9] H. Haberland, H. Kornmeier, C. Ludewigt, and A. Risch,
here.) (2) What is the dominant decay mechanism giv-  Rev. Sci. Instrum62, 2368 (1991)62, 2621 (1991).

ing the short lifetime? (We conjecture that it will be the [10] Th. Reiners, Ch. Ellert, M. Schmidt, and H. Haberland,
finite particle analogue of the bulk interband transition.) _ Phys. Rev. Lett74, 1558 (1995). _

(3) What is the electron ejection mechanism? k& 0 11 ﬁhH Etljlglténl\(;l. F)Sh‘;hsmggvci‘e-ﬁgcgnétlt' (IgéS')?e'”ersl and
transition possible, with one electron getting all the en—[lz] T Trebino and D.J. Kane, J. Opt. Soc. Am. 18, 1101
ergy? Or does one have2a— 1 — 0 cascade, where

. . 1993).
two excited electrons are produced, followed by aut0|on113] (U Na)her S. Frank. N. Malinowski. U. Zimmermann. and

ization? Theoretical clarification of these points is highly T.P. Martin, Z. Phys. D81, 191 (1994).

desirable. [14] M. Schmidt, R. Kusche, W. Kronmiiller, B. von Is-
Itis also possible to reach the higher excitation states of ~ sendorff, and H. Haberland, Phys. Rev. Lef9, 99

a cluster without using ultrashort laser pulses. They can  (1997); G. Bertsch, Scien@¥7, 1619 (1997).

be excited in the collision of a cluster with highly charged[15] Ralph Schlipper, Robert Kusche, Bernd von Issendorff,

ions [24]. It would be very interesting to compare the  and Hellmut Haberland (unpublished).

results of both experiments. [16] C. Bréchignac, Ph. Cahuzac, N. Kébal. Leygnier, and

In summary, an experiment has been described, where__ A Sarfati, Phys. Rev. Let68, 3916 (1992).

. [17] B.W. Shore,The Theory of Coherent Atomic Excitation
the collective resonance of the mass selected clustgr Na! (Wiley, New York, 1990), Vol. 2.

is excited by laser pulseg with pulse 'Iengths of 10.”%18] Th. Reiners and H. Haberland, Phys. Rev. L&#&. 2440
a_nd about 100 fs, r_espectlvely. In _the first case, the life- (1996). For the negatively charged clusters the lowest
time of the collective resonance is much shorter than  plasmon excitation is already in the continuum of electron
the mean time between two photoabsorptions. Thus no  emission, which allowed us to study the process of
higher electronic excitation can build up in the cluster, electronic versus vibronic relaxation in detail.

and consequently no electron ejection happens, as oft9] Ch. Schmitt, Ch. Ellert, M. Schmidt, and H. Haberland,
served on many occasions earlier [1,3,13]. For the 100—  Z. Phys. D42, 145 (1997).

150 fs pulse, converselyds is comparable to, or even [20] M. Schmidt and H. Haberland (to be published).

longer than, the mean time between two photoabsorption§1] C.A. Ullrich, A. Domps, F. Calvayrac, E. Suraud, and
Higher electronic excitations are then possible. The IarngZ] (P;' %‘e';ggh:% é ghéséir?r?érsz(Sp%/%?Z)éommunication)
?mss sections observed for the higher excitations (€.gry3 11"\ permeret al., Phys. Rev. Lett78, 2192 (1997).
or 1 — 2 in Fig. 3) have been explained by mapping the

. o Silver: B. Lamprechtet al., Appl. Phys. B 64, 269
classical oscillation of the nearly free electron gas onto (1997). Copper: J.-Y. Bigoet al., Phys. Rev. Lett75

[1] W.A. de Heer, Rev. Mod. Phy$5, 611 (1993).

a harmonic oscillator. It$) — 1 transition corresponds 4702 (1995). Sodium: G. Gerber (private communication);
to the often studied plasmonlike resonance, which is so  j-H. Klein-Wiele, P. Simon, and H.-G. Rubahn, Phys.
prominent in sodium clusters. The lifetime of the plas- Rev. Lett.80, 45 (1998).

mon resonance is estimated to be about 10 fs. [24] C. Guetet al.,Z. Phys. D40, 317 (1997).

1197



