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We have investigated the fission following a Coulomb explosion in argon clusters (up to Argg)
irradiated by a femtosecond infrared laser with moderate intensity 7, =~ 10'> W cm™2. We report the a
priori surprising observation of well-defined velocity distributions of the ionized fragments Ar,_,. This
is interpreted by the formation of a valence shell excited charged ion, followed by relaxation, charge
transfer by autoionizing collision at very short distance, and asymmetric fission.
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The ionization dynamics and the subsequent fragmenta-
tion of van der Waals clusters exposed to intense laser
pulses is an important issue in the physics of laser-matter
interactions [1]. This stems from the unique properties of
clusters, at the border between the dilute and the condensed
phases. Within this context, recent experiments have
shown that rare gas clusters, irradiated by strong infrared
(ir) laser pulses, display interesting and unexpected phe-
nomena that differ significantly from those produced in
isolated atoms. Notably, the production of fast, highly
charged species and the emission of “hot” electrons was
observed at rather high laser intensities, beyond I; =
10'® W cm~2 [2,3]. Together, the emission of character-
istic x-ray radiations was reported at slightly lower inten-
sities, I; = 10> Wcem™2 [4]. The dominant features of
these effects can be accounted for in terms of the response
of the underdense plasma created after the atoms in the
clusters have been stripped of their outer electrons.

In contrast to these studies conducted in the high inten-
sity regime, the present Letter addresses the fragmentation
dynamics that results from the double ionization of me-
dium sized argon clusters Ary (N, average size 500 < N <
800), when irradiated by ir laser pulses of ‘“‘moderate”
intensity, I, = 3.6 X 10! W cm™2. The main findings of
our study are related to the a priori unexpected velocity
distribution of the singly charged fragments ejected in the
course of the fragmentation of laser-irradiated clusters
Argy. The analysis of these results sheds light on the dy-
namics of doubly ionized clusters, in a regime that differs
from previous studies performed by electron-impact ion-
ization [5], heavy ion collision [6] and inner-shell x-ray
Auger emission [7-9].

In particular, we infer that, in spite of the rather moder-
ate intensity of the ir laser, an ionization mechanism lead-
ing to the formation of an ion pair Ar*-Ar*, at a short
interionic distance results in Coulomb explosion followed
by the cluster fission.
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PACS numbers: 36.40.Qv, 32.80.Dz, 82.50.Pt, 82.53.—k

This mechanism, which was not anticipated, is inter-
preted by electron recollision within the cluster. It presents
some similarities with the formation of doubly ionized
argon clusters induced by soft-x-ray synchrotron radiation,
where the initial stage is an Auger process [7-9]. However,
in those measurements, the velocity correlation observed
between the small fragments is lost for Arg-gy. Other
experiments performed by electron impact [5] or heavy
ions collisions [6] have evidenced other specific ionization
mechanisms. In the present study, we uncover a new frag-
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FIG. 1. Velocity distribution of Ar}; for an average cluster size
of (a) N = 630, (b) N = 680, (c) N = 750. Images are averaged
over all angles, intensity at radius r was multiplied by » and
normalized. The color map applied is linear. Curves are normal-
ized at the peak of the first ring.
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mentation scheme for large clusters, that involves atomic
outer shell ionization.

The experimental setup has been described previously
[10]. High purity argon was expanded into vacuum through
apulsed 100 wm nozzle. The resulting beam was extracted
using a 1 mm skimmer. The argon backing pressure was
adjusted in the range 3 to 15 bars, corresponding to the
production of clusters up to Ar_gg, following the approxi-
mate rule of 50 atoms bar™' [11]. The clusters are ionized
by a femtosecond Ti:sapphire (800 nm, 70 fs full width at
half maximum) laser beam from the low energy beam line
of LUCA (a member of the European facility SLIC). The
maximum intensity of the laser was [, = 3.6 X
10" Wem™2. The resulting ions were analyzed using of
a velocity map imaging (VMI) device [12]. The images
were collected under slicing conditions [13]. Given the size
of the detector, the analysis is limited to ionic fragments
with kinetic energies < 3 eV.

In order to study ions ejected from large clusters after
ionization, the signal due to Ar* and Ary ions was not
recorded although it represents about 95% of the total.
Instead, we analyzed the remaining 5% of the total signal,
and cluster ions were considered from Arj to Arj,. A
typical result is shown in Fig. 1 for the Arjs ions. All the
distributions have the same structure, namely, a central
peak, close to the zero kinetic energy, surrounded by a
series of well-defined rings. Remarkably, the rings display
a uniform density and there is no indication of a dissym-
metry along the polarization direction of the laser (parallel
to the plane of the figure). We point out that, for the smaller
fragments (Arj and Ar} ) the rings are broader and overlap
partially. We shall return to this point later.

The central peak is attributed to the single ionization of
the clusters present in the beam. Since the sudden forma-
tion of a charge within the cluster creates a nonequilibrium
situation, a vibrational relaxation follows which promotes
evaporation and fragmentation [14]. Hence, the shape of
this peak corresponds to the distribution of the recoil
velocities of the evaporated Ar, ions (Ar)5 in Fig. 1).
This point will be the subject of a forthcoming study and
is not considered further.

The ring structure, which is typical of all the ion images
obtained in the present study, can be related to the forma-
tion of multicharged clusters, from which the singly
charged fragments originate upon Coulomb explosion.
One observes a series of two rings in panel (a) of Fig. 1
and three rings in panels (b) and (c) when the argon back-
ing pressure, i.e., the average cluster size, increases. The
latter three rings are associated with energies of 0.29 =
0.01, 0.590 %= 0.005, and 0.90 = 0.01 eV, respectively.
These energies were derived from a fit of the rings with
Gaussian functions. An important feature appears in Fig. 1
for the Ar{ ion signal: the energy and width of the rings do
not depend on the average size of the neutral parent clus-
ters; only the relative magnitude of the ring changes with it.

Outer rings are brighter at larger sizes of the neutral
clusters. The same behavior is found in all the cluster ion
signals that were recorded.

Another interesting feature is that the ring structure does
not depend significantly on the laser intensity, in the range
considered here (I, < 3.6 X 103 W cm™2). For example,
when dividing the laser intensity by a factor of 3 in the
experiment reported in Fig. 1, the total ion signal was
divided by a factor of about 100, whereas the ring energies
remained unchanged and the relative intensity of the rings
was changed only very weakly. The same structures are
also observed when using the second harmonic of the laser
(400 nm, I; = 5.0 X 101> Wcem™2).

We note that the energies of the rings observed in Fig. 1
follow approximately a progression givenby E,, | — E,, ~
0.29 eV, where p denotes the ring number. This general
result is illustrated in panel (a) of Fig. 2 showing the energy
of the first four rings of the ion images taken for Ar;} (n €
[6, 50)). Panel (b) displays as the function of fragment ion
Ar,}, the same information normalized with respect to the
first ring. The relative ring energies are in the ratio 1:2:3:4
when n = 20.

To address the question of the ionization dynamics, we
note first that the cluster ions corresponding to the outer
rings are fairly energetic, up to 1.4 eV for the fourth ring in
the energy spectrum of Ary. This suggests that Coulomb
explosion takes place, hence implying that multiple ion-
ization is an active process in spite of the moderate laser
intensity. Within this framework, three scenarios based on
direct cluster double ionization can be invoked. One [sce-
nario (i)], is associated with the initial ionization of two
atoms randomly distributed within the cluster. Another one
[scenario (ii)], implies the ionization of two adjacent
atoms, while a third [scenario (iii)] implies the double
ionization of a single Ar atom. An alternative one [scenario
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FIG. 2 (color online). Energy evolution for an average cluster
size of Argso. Rings of an overly weak intensity are not reported.
(a) Ring energies as a function of the fragment size. (b) Energy
ratios relative to the first ring. (c) Total recoil energy issued from
the model (see text).
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(iv)] implies an indirect double ionization. The initial stage
involves the formation of an excited Ar** ion which trig-
gers the formation of an ion pair Ar*-Ar" separated by a
short distance.

It turns out that the initial ionization of two atoms
randomly distributed [scenario (i)] is excluded because
the recoil energy of the fragments would decrease when
the average neutral cluster size increases. Indeed, the av-
erage distance r between two atoms in the cluster is given
by the pair correlation function 47r2g(r). When trans-
formed into Coulomb energies, such a distribution of dis-
tances leads to a broad range of recoil energies after
Coulomb explosion, as confirmed by a histogram calcula-
tion based on Lennard-Jones-type cluster geometry [15].
For example, Arggy, (respectively, Arsgyy) clusters would
show distributions peaking at a total repulsion energy of
0.55 eV (respectively, 0.62 eV), with a width of 0.4 eV
(respectively, 0.5 eV). As these energies are shared be-
tween the fragments, this is neither consistent with the
measured values, nor with the stability of the ring position
when changing the average cluster size.

Scenario (ii) implies the single ionization of two nearby
atoms, aligned along the polarization direction of the laser
field. It is expected that this process is a priori favored as
compared to the one involved in scenario (i), since, within
a cluster, two neighboring atoms are more easily ionized
than the isolated ones. However, the potential energy of
two ions located at the interatomic distance between two
neutral Ar would lead to lower kinetic energy distributions
of the fragments than observed in the present work.
Moreover, it is anticipated that such a process would
induce a strong polarization dependence in the angular
distribution of the fragments. This is not observed experi-
mentally. The angular distribution of the ionized fragments
is found, indeed, to be isotropic (anisotropy parameter
B = 0 within noise).

Regarding scenario (iii), despite a higher ionization
potential of Ar* versus Ar (27.63 eV versus 15.76 eV), it
appears that the double ionization of a single atom is likely
to contribute also because of the recollision of the outgoing
electron with the remaining Ar* ion during the laser pulse.
The ratio between the double- versus single-ionization
probabilities of argon is almost constant, with
(P2 /PH)) = 1073, over the intensity range of the ir
laser considered here [16]. Assuming that the ionization
probability is about unity at the saturation threshold, the
single-ionization probability is estimated to P(*) =~ 107°,
whereas a conservative estimate of the double ionization
probability is P") =~ 107°. Hence, the ionization proba-
bility for two separate atoms (i) within Ary can be esti-
mated to be P = CY X (1076)* while the probability of
double ionization of an isolated atom (iii) is P = N X
107%. The ratio Pg;/Pg; = (N/2) X 1073 suggests that
both scenarios are expected to contribute to the ionization
for the cluster size range investigated here, in spite of the

strict energetic considerations. With a similar statistical
approach, we conclude that it is not necessary to consider
the triple ionization (and beyond).

Within the framework of the scenario (iii), the laser
would double ionize initially a single atom of the cluster.
This would form a localized charged center that favors
collisions between the doubly charged center and neigh-
boring argon atoms, thus inducing a charge transfer. Such a
process has been documented in the case of argon dimers
Ar,, when one of the atoms experiences an Auger transi-
tion [9,17]. The charge transfer would occur at much
shorter distances than the equilibrium distance in neutral
Ar, [17,18]. In the present case, ground state Ar*™ is likely
to be formed and no curve crossing exists that will induce
the Ar*" + Ar— Ar' + Ar" charge transfer [17,19].
For this reason, we prefer the alternative interpretation
[scenario (iv)] where an electronically excited Ar** ion
is formed by the same recollision mechanism evoked in
scenario (iii). It is expected that this nonsequential mecha-
nism is more efficient for excitation than for ionization.
Hence, according to the former statistical considerations,
scenario (iv) is likely to be the dominant one. Because of its
high ionization potential, Ar™ has excited states high
enough to allow the Ar** + Ar— Art + Ar"™ + ¢~ pro-
cess [Fig. 3(a)]. Preliminary ab initio calculations [20]
indicate that this transfer should occur at a significantly
shorter distance, r.;, than the Ar-Ar distance in the neutral
species. We note here that the excitation process invoked
involves mostly m; = 0 electrons, that limits the number of
Ar" Rydberg states to those correlating with the 'D and 1S
excited states of Ar’™".

Coulomb explosion results from charge transfer
[Fig. 3(c)]. It generates singly ionized fragments: Ary" —
Ar, + Ar, + Ary_,4 ). The available energy for the dis-
sociation as Ar, + Ar, is partly due to the Coulomb
energy E. = e¢?/(4meyry;,) and partly to the energy cor-
responding to the structural rearrangement [Fig. 3(b)] for
the system to reach rg;,. The kinetic energy released (E)
after dissociation is shared between both partners accord-
ing to the values of n and p [Fig. 3(d)]. The one of Ar,’ can
be modeled by E, = p/(n + p)E (momentum conserva-
tion), neglecting the fission energy as compared to the
recoil energy. Accordingly, the pth ring for the fragments
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FIG. 3 (color online).
@iv).

Dissociation channel proposed. Scenario
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Ar;" with n = 6 can be associated with the recoil partner
Ar;. Then the ring structure corresponds to the values p =
1,2,3,4,.... This agrees reasonably well with the n de-
pendence of the ring energies reported in Fig. 2(b).
Applying the model to the experimental recoil energies
gives access to the total energy involved in the fragmenta-
tion [see Fig. 2(c)]. This energy should be the same what-
ever the size of the fragment. This is observed for Ary_,s
and gives an energy of about 8.5 eV, suggesting r; =
1.7+ 0.2 A (with the approximation E,, = E.), much
shorter than the distance in the neutral cluster (3.76 A
[7D). The deviation from this estimate for the smaller frag-
ments is attributed to the evaporation following the fission
of the cluster. Indeed, the observation of magic numbers
for Ar;," (through their relative global ring intensities) is
indicative of an evaporation process subsequent to fission
[Fig. 3(e)]. However, it is not important enough to
scramble the ring structure. The mechanism causing the
charge transfer could be of Coulombic or vibronic origin.
This first one, called interatomic Coulombic decay (ICD)
[21], is expected to take place in an ultrashort femtosecond
time scale [22], and also expected to occur at an inter-
atomic distance of = 3.76 A [23]. This is why it has been
invoked for innershell or innervalence decays [23].
However, our study suggests a much shorter distance
(=~ 1.7%0.2 A), that seems to exclude this mechanism.
On the other hand, the involvement of Rydberg states and
large degrees of freedom as described in our scenario,
favors curve crossing inducing autoionization as the most
probable one in the case described here. Indeed at the
distance found many electronic curve crossings can occur
as it is the case in Cl, [24] (d = 1.99 A), isoelectronic
molecule of Ars*.

In addition, scenario (iv) accounts for the fact that the
recoil energy distribution of the smaller fragments is much
broader as they recoil from all the Ar,_, possible ions,
which results in the same number of overlapping rings of
slightly different energies. We notice that the rise with the
average cluster size of the asymmetrical fragmentation
channel has been observed by Riihl et al. [8] by using a
soft-x-ray synchrotron radiation beam.

To summarize, we have analyzed surprising observa-
tions where Ary clusters are ionized at moderate laser
intensities. We have measured the recoil velocities of frag-
ments Ar;_ s, resulting from a Coulomb explosion taking
place into Arsp<y<sgo clusters, in the presence of
Ti:sapphire laser pulses of moderate intensity /; = 3.6 X
103 W cm™2. With the help of a VMI technique, we have
evidenced the presence of remarkably well-resolved iso-
tropic rings in the velocity distribution of these fragments.
The analysis of the results points to a mechanism that

involves the formation of a valence shell excited charged
ion, followed by relaxation and charge transfer by auto-
ionizing collision at very short distance. This last effect
induces a Coulomb explosion followed by the fission of the
cluster into two asymmetrical fragments, the distribution
of the rings being associated to the recoil of smaller species
Ar,_, 54 This phenomenon, which seems to be highly

selective as it does not compete with other fragmentation
channels, might be transferable.
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