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Intense Field-Matter Interactions: Multiple Ionization of Clusters
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(Received 22 April 1996)

We report the results for the production of highly charged atomic species (e.g., Xe201, Kr181, O51,
and C41) resulting from the interaction of intense laser fields (up to,1015 Wycm2) with atomic
and multicenter molecular clusters. The processes are also investigated using ultrafast pump-pro
techniques, showing distinct beating patterns for the ionization structure in the molecular system.
comparison of our results with predictions of several different theoretical models provides strong suppo
for the ionization ignition mechanism. [S0031-9007(96)01396-8]
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Elucidating processes initiated by the absorption
photons from femtosecond lasers is a subject of ext
sive current interest [1]. The study of the interaction
atoms, molecules, and clusters with high intensity las
fields is also made possible because of the strong fie
generated by ultrafast lasers. Investigations [2–4] ha
revealed that sufficiently intense interactions with cluste
can lead to multiple ionization events, and many questio
have been raised as to the mechanisms involved. Sev
theoretical models have been devised from the results
earlier observations of multiple electron ejection. The
include above threshold multiphoton ionization [5], ba
rier suppression ionization [6], and tunneling ionizatio
[6,7], all of which have been unable to account for th
high charge states observed in many experiments, in p
ticular, ones involving the interactions of intense field
with van der Waals and hydrogen-bonded clusters [2–
To the best of our knowledge, the experiments [2,3]
our laboratory were the first to measure the large valu
of kinetic energy release in such highly charged cluste
and provide the first direct observations for the mass-
charge ratio of atomic ions ejected from clusters wi
charge states of large magnitude, although experime
by Rhodes and co-workers have observed the emission
x rays following the interaction of molecular beams o
rare gases irradiated with intense laser fields [8]. To a
count for the high charge states observed in experime
involving clusters, a mechanism based on the coher
motions of the field ionization electrons has been pr
posed [4]. Alternatively, an ionization “ignition” mech-
anism has been formulated for laser-driven clusters [9].

In order to examine these two models, we conducted
periments on the interaction of clusters of several chos
classes with intense laser fields: namely, two atomic s
tems, xenon and krypton, and one molecular system, a
tone. Pump-probe studies were conducted to investig
the time evolution of the formation of the multicharge
fragments produced from a molecule with multiple atom
centers. Significantly, a “beating pattern” is seen in t
case of the oxygen and carbon atomic ions generated fr
acetone. The resultant highly charged van der Waals
0031-9007y96y77(16)y3347(4)$10.00
of
en-
of
er
lds
ve
rs
ns
eral
of

se
r-
n
e
ar-
s
4].
in
es
rs

to-
th
nts
of

f
c-
nts
ent
o-

ex-
en

ys-
ce-
ate
d
ic
he
om
or

hydrogen-bonded clusters undergo Coulomb explosion a
we observe multicharged atomic ions with charge states
high as Xe201, Kr181, C41, and O51.

The apparatus used in this study is a reflectron time
of-flight (TOF) mass spectrometer coupled with a fem
tosecond laser system which has been described in de
previously [10]. Briefly, a colliding pulse mode-locked
ring dye laser, pumped by a CW argon ion laser, gene
ated a 90 MHz pulse train with pulses 100 fs in duration
and centered around 624 nm. The pulses are first amp
fied with a six pass bowtie amplifier, and subsequentl
amplified by an array of three prism dye cells (2, 6, an
12 mm bore). All of the amplification stages are pumpe
by the second harmonic (532 nm) of a 10 Hz Nd:YAG
laser. The amplified femtosecond laser output is typicall
2.5 mJypulse with a pulse duration of about 350 fs, as
measured by a slow scan Michelson interferometric au
tocorrelator, which also serves as the delay stage in t
pump-probe experiments.

For the studies of xenon and krypton, the sample gas
ø100 torr, seeded inø2000 torr of helium, was expanded
into a vacuum chamber, and the resultant monomer a
cluster species were ionized by a femtosecond laser wi
an intensity ofø1 3 1015 Wycm2. A time-of-flight spec-
trum of the multicharged xenon species is shown in Fig. 1
Species as highly charged as Xe201 can clearly be seen.
Even more highly charged species may be present, but t
broad isotope distribution of xenon does not allow for thei
unambiguous identification. Figure 2 is a time-of-flight
mass spectrum of the multicharged krypton species. It
important to note that the highly charged krypton atom
are observed only when trace amounts of hydrogen iodid
are added to the gas sample, as discussed below. Cha
states of up to Kr181 have been observed but only specie
up to Kr171 can clearly be seen in Fig. 2. Similarly, the
broad isotope distributing of krypton does not allow for
clear identification of any higher charged species.

For the study of acetone, the clusters were generated
bubbling helium through a vessel containing acetone, an
introducing the acetone/helium mixture (at approximatel
2000 torr) into a vacuum chamber. The acetone monom
© 1996 The American Physical Society 3347
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FIG. 1. Time-of-flight mass spectrum of multicharged xeno
atoms, ionized at 624 nm. Atoms with charge states up
Xe201 are clearly observed.

and clusters were ionized by a femtosecond laser in
pump-probe arrangement. The pump laser has a pow
density of ø3 3 1014 Wycm2, and the intensity of the
probe laser is slightly (,10%) less. The pump-probe
transients of the oxygen fragments (On1, 1 # n # 5) are
shown in Fig. 3. There are several significant feature
that should be noted. A large dip is observed in the O1

transient at zero delay, and a peak begins to grow in f
each subsequently higher charged species. For the hig
charged species (On1, 2 # n # 5), the ion signal drops
to a local minimum, then returns to a local maximum a
some pump-probe delay. At longer delay times, the On1,
3 # n # 5, show clear signs of a beating pattern. Th
unequal intensities of the maxima at positive and negati
delay times can be attributed to the unequal pump a
probe intensities, but significantly, the maxima in O1 and
O51 occur at positive delay times, whereas the maxim
in O21, O31, and O41 occur at negative delay times.

FIG. 2. Time-of-flight mass spectrum of multicharged krypton
atoms, ionized at 624 nm. Atoms with charge states up
Kr171 are clearly observed.
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Although not shown, carbon fragments (Cn1, 1 # n # 4)
behave in a similar fashion.

The two recent models proposed to explain the hi
charge states obtained when irradiating clusters with h
intensity ultrafast lasers are the coherent electron mot
model (CEMM) [4] and the ionization ignition mode
(IIM) [9]. In the CEMM, the field-matter interaction can
enter a regime of strong coupling in which the rate
multiple electron ejection can become comparable to
removal of a single electron. The enhanced coupli
arises from the coherent motion of the field ionizatio
electrons, behaving as a quasiparticle with a chargeZe
and massZme; subsequent removal of electrons occu
in a fashion similar to electron impact ionization. Th
environment of a cluster provides a source of ma
electrons to participate in the coherent motions essen
to the ionization process. In the IIM, the electrons a
treated classically in the combined fields of the ion cor
and the laser. After the initial ionization events, the pare
ion cores are inertially confined to the cluster becau
the much lighter electrons depart quickly, leaving th
ion field unscreened. This results in a very large a
inhomogeneous electric field; the field at the surface o
cluster of 25 neon atoms when all of the atoms are sin
ionized is on the order of5 3 1012 Vym [9]. This large
field lowers the ionization barrier and enables subsequ
ionization events to occur, which in turn further increas
the field and lowers the ionization barrier. Hence, th
fields created by the initial ionization events “ignite” th
cluster to undergo further ionization.

To examine our results in light of these two model
all of the probable ionization mechanisms that may

FIG. 3. Pump-probe transients of multicharged oxygen ion
On1 (1 # n # 5), formed through the Coulomb explosion o
acetone monomer and acetone clusters.
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significant under our conditions must be examined. Th
first is direct optical ionization, described by the variou
mechanisms such as barrier suppression ionization
and tunneling [6,7] ionization. These mechanisms alon
cannot explain the high charge states obtained, but th
are important for the initial ionization events.

After the first ions are created within the cluster
additional ionization may occur due to inelastic collision
between the electrons and ions within the cluster, whic
can be described by the collisional ionization rate formu
of Lotz [11]. The rate per ion averaged over a Maxwellia
electron distribution is

WkT ­ ne
aiqi

IpskTed1y2

Z `

IpykTe

e2x

x
dx , (1)

where ne is the electron density,Ip is the ionization
potential in eV,kTe is the cluster electron temperature
ai is an empirical constants4.5 3 10214 eV2ycm3d, and
qi is the number of electrons in the outer shell of the ion
The ionization rate given in Eq. (1) accounts for only th
thermal energy of the electrons, not that due to the fie
of the laser. To estimate the energy of the electrons
the laser field, a rate has been calculated [12] using t
collisional ionization cross section of Lotz and treatin
the electron velocity in the laser field as sinusoidal,

Wlaser std ­ nesi
eE

mev
sinvt , (2)

wheresi is the ionization cross section andE is the laser
field in atomic units.

In their CEMM, Rhodes and co-workers have propose
[13] another expression to approximate the number
ionization events:

Nx > n4y3Z
sei

r2
0

sn $ 3d , (3)

wheren is the number of atoms in the cluster,Z is the
resultant ionic charge,sei is the inelastic electron impact
ionization cross section, andr0 is the interatomic spacing.
Furthermore, the coherent electron motions enhance
number of ionizations given by Eq. (3) because the
behave as a quasiparticle of massZme and chargeZe,
requiring modification of the electron impact cross sectio
to the formsei ! Zsei .

In the IIM [9], the ionization state obtained is due to
the lowering of the barrier to ionization by the nearby io
cores created by the initial ionization events. In contra
to the CEMM, the ion cores in a cluster are responsib
for the high charge states obtained, rather than the lar
electron density. Furthermore, it was concluded th
removal of the outer electrons is not expected to be ve
sensitive to pulse width, cluster size, or atomic weight.
related two atom version of this general model has be
proposed by Bandrauk and co-workers [14,15] in the
time-dependent quantum mechanical studies of diatom
molecules. They concluded that the rate of ionizatio
is highly dependent upon the internuclear distance, in
e
s
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nonmonotonic fashion. Additionally, it has been show
[16] that the dependence on internuclear separation
due to the role of electron localization in intense fie
ionization. Such effects would be expected to give ri
to a beating pattern, consistent with present observatio

As the various models predict, we do not observe a
multicharged species unless clusters are present in
molecular beam. The charge distributions for the atom
fragment species from the Coulomb explosion of xen
and krypton clusters are well represented by the TO
spectra in Figs. 1 and 2. The charge states obtained
reasonable in considering both the CEMM and the IIM
The charge distributions in Figs. 1 and 2 are not fou
to be sensitive to the degree of clustering. The clus
distribution was varied by sampling different portions o
the molecular beam. The resultant charge distributi
was examined from the center of the molecular bea
where the largest clusters are present, to complet
off the molecular beam, where only the monomer
present. The multicharged species abruptly appeared
the spectra as medium cluster sizes were obtained.
the charge distribution did not vary with further variatio
in the cluster distribution as effected by moving the las
to different positions within the beam expansion. Th
CEMM predicts a strong dependence on the size of
cluster; note the dependence of Eqs. (1) and (2) on
electron density, and Eq. (3) on the number of atoms
the cluster. The IIM predicts very little dependence on t
degree of clustering, in agreement with our observation

It is also observed that, under our ionization condition
multicharged krypton atoms are observed only when
trace amount of hydrogen iodide is present. In a pre
ous study [2], it was also observed that multicharged
gon species are present only with the addition of a sm
amount of HI. It should be noted that in the case of ioniz
tion of HI monomer (IP­ 10.39 eV) [17], even with high
concentrations in the beam, only singly charged HI an
are observed. It is difficult to understand how the additio
of HI would have such a radical effect on the ionizatio
of the krypton clusters in the CEMM. From our obse
vations, neat Kr and Ar clusters are not multiply ionize
under our conditions, and HI monomer yields only sing
charged species. Therefore, an argon or krypton clus
with a single HI molecule should provide only a singl
electron in the initial ionization event. The cross sectio
sei in Eq. (3) would then be very small and the probab
ity of further ionization would be negligible. However, in
the case of ionization ignition, the presence of the single
dine ion core in the krypton cluster may be enough to ign
the cluster by slightly lowering the barrier to ionization i
the krypton atoms. Furthermore, we have observed m
ticharged nitrogen atoms [3] resulting from the Coulom
explosion of neat ammonia clusters. The fact that ne
krypton (IP­ 14.00 eV) and argon (IP­ 15.76 eV) clus-
ters do not exhibit multiple ionization, whereas neat xen
(IP ­ 12.13 eV), acetone (IP­ 9.71 eV), and ammonia
3349
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(IP ­ 10.18 eV) clusters do, suggests that the ability
multiply ionize atoms is insensitive to atomic weight an
depends more upon the threshold for single ionizati
The role of the ionization potential is evident and in a
cord with the IIM.

Next, we consider the results of the present stu
of acetone clusters; the pump-probe transients are s
to display unusual characteristics, namely, asymme
beating patterns with phase shifts. To account for
beating structure shown in Fig. 3, several possibilities
considered. Could the maxima and minima arise due
laser fluctuations? The maxima and minima do not oc
at the same time delays for the different On1 species, and
in all of the pump-probe scans, the transients displa
similar structure. Obviously, the observed beating patt
could not arise from the phasing of the pump and pro
optical fields since the period of the laser is about 2
Could the structure be evidence of coherent wave-pac
motion in the ionized cluster? The power of each pum
or probe beam is sufficient to multiply ionize the aceto
clusters, and it is unlikely that the cluster can stabili
the large amount of potential energy of multiple positi
charges within the cluster. Furthermore, there does
appear to be any periodicity in the transients.

The results of the pump-probe studies provide the f
lowing: The pump beam intersects the cluster beam, c
ating multicharged carbon and oxygen species within
acetone molecules, which are contained within the cl
ter. As the cluster undergoes electron loss, the probe b
arrives at the cluster at some later time. Depending
the time delay of the probe beam, the interatomic spaci
have increased to a particular distance as a result of the
clear motion arising from the Coulomb explosion proce
The structure seen for the transients in Fig. 3 is due to
varying ionization rates as the interatomic spacing is
creased, as predicted by Bandrauk [14,15] and Cork
[16]. As the interatomic spacings are varied, the wa
function and electron localization is changed, resulting
different ionization rates for the various charge states. T
would result in the observed maxima and minima observ
in the transients. In this model, the ionization rate is p
dicted to be a highly irregular function of interatomic di
tance, in contrast to the CEMM which predicts a mon
tonic decrease in the degree of ionization with an incre
in interatomic distance [seer0 in Eq. (3)].

Rhodes and co-workers have used the generation of h
x rays from clusters as evidence of inner-shell vacanc
arising from the impact of coherently driven electro
[8,18]. This observation alone cannot be used as evide
for the CEMM; an alternative model has been propos
[19] in which the x-ray generation arises from the h
plasma created in the intense field–rare gas interaction

In conclusion, we have demonstrated that the h
charge states obtained when van der Waals and hydro
3350
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bonded clusters are irradiated with intense laser fields
well described by the IIM [9]. The lack of dependence o
the degree of clustering or atomic weight and the stro
dependence on ionization potential and interatomic (or
termolecular) distances support this conclusion. Our
sults cannot totally eliminate the possibility of cohere
electron motions, but under our experimental condition
it is not a major contribution to the multicharging and su
sequent Coulomb explosion of clusters. Clearly, howev
the IIM warrants refinement via more elaborate classi
and quantum mechanical calculations.
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