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Enhanced ionization in small rare-gas clusters

Christian Siedschlag and Jan M. Rost
Max-Planck-Institute for the Physics of Complex Systems, No¨thnitzer Strasse 38, D-01187 Dresden, Germany
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A detailed theoretical investigation of rare-gas atom clusters under intense short laser pulses reveals that the
mechanism of energy absorption is akin toenhanced ionizationfirst discovered for diatomic molecules. The
phenomenon is robust under changes of the atomic element~neon, argon, krypton, xenon!, the number of
atoms in the cluster~16–30 atoms have been studied!, and the fluence of the laser pulse. In contrast to
molecules it does not disappear for circular polarization. We develop an analytical model relating the pulse
length for maximum ionization to characteristic parameters of the cluster.
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I. INTRODUCTION

Building the bridge between atomic and solid-state ph
ics, cluster physics has become a vivid research field o
own. While the static properties of clusters are by now w
understood, there remain open problems concerning the
namics of clusters under external perturbations. Line
response theory has proven to be a valid tool for the inv
tigation of dynamical properties under weak perturbatio
@1#. However, with increasing strength of the perturbatio
the description of the cluster evolution becomes more
more involved@2#.

On the other hand, experimental studies of~mostly! rare-
gas clusters interacting with highly charged projectiles@3# as
well as with short, intense laser pulses have produced a n
ber of interesting results calling for an explanation. Rare-
clusters exposed to intense laser light have shown a big
crease of energy absorption compared to the single-a
case@4–9#. When irradiated with a 1015-W/cm2 femtosecond
laser pulse whose wavelength is in the optical regime,
observes, depending on the cluster size and the atomic
ment, ionic charge states of up to 40. These high cha
states let the fragmenting ions gain an enormous amoun
kinetic energy. The most spectacular example of this hig
energetic process has certainly been the recent experim
observation of nuclear fusion in a cluster@10#.

Here, we focus on clusters of some 10 atoms. We h
developed a model containing the essential features of
interaction between the cluster and the laser field. The m
findings have been reported briefly in Ref.@11#; namely, that
energy absorption from the laser pulse proceeds throug
mechanism originally discovered for diatomic molecu
~enhanced ionization~ENIO! @12,13#!. However, there are
differences, e.g., ENIO has on clusters a similar effect
both linear and circular polarization of the laser.

An enhancement of ionization has also been observed
a model of a linear chain of up to seven atoms by Veni
et al. @14#. Most likely this enhancement is due to the sam
ENIO mechanism that we will discuss here, while the e
hancement reported in Refs.@15,16# for a cluster of severa
hundred atoms has been attributed to a different mechan
of collective electron motion.

We will give a detailed account of our approach and d
cuss results for a number of different elements as well as
1050-2947/2003/67~1!/013404~11!/$20.00 67 0134
-
ts
ll
y-
r-
s-
s
,
d

m-
s
n-
m

e
le-
e
of
ly
tal

e
he
in

a

r

or
d
e
-

m

-
or

different parameters of the laser pulse. Qualitatively sim
to the full dynamical simulation of Ref.@16#, but in contrast
to Ref. @15#, we describe the entire process including init
ionization fully dynamically. That is, we neither fixa priori
and by hand the nuclei nor the number of ionized electro
However, we will also address the case of fixed nuclei sin
it is the traditional way to detect ENIO@12,13#. Our investi-
gations allow us to formulate a relatively simple analytic
model that relates the maximum electron release in rare
atom clusters to an optimal pulse length.

The paper is organized as follows: after introducing t
numerical model and comparing it to other approaches
Sec. II, we investigate the dependence of energy absorp
and ionization yield on the pulse length in a series of clust
in Sec. III. From the results of these calculations a gene
behavior emerges, which can be explained by invoking
above-mentioned enhanced ionization mechanism as
plained in Sec. IV. We give strong evidence that this mec
nism should play an important role in the laser-cluster int
action over a wide range of parameters detailed in Sec
Finally we condense our picture of the ionization proce
into a simple analytical expression that quantifies the role
the experimentally accessible variables such as the clu
size or atomic element in the process of energy absorptio
Sec. VI. Section VII summarizes our work. Atomic units a
used if not stated otherwise.

II. THE CLUSTER MODEL

A. Theoretical formulation and numerical implementation

Since the dimension of the problem is far too high
allow for an exact quantum-mechanical treatment, we h
formulated a model to describe the dynamics of rare-
clusters in strong laser fields. We resort to a classical tr
ment, with a few but essential quantum-mechanical e
ments.

Initially, before the onset of the laser pulse, we comp
the equilibrium ground-state configuration of the cluster w
Lennard-Jones interactions between the neutral cluster
oms. One can find the global potential minimum for a cert
cluster by propagating the atoms while cooling down t
system so it relaxes to the global minimum. However,
global minima for this type of interaction are also read
©2003 The American Physical Society04-1
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CHRISTIAN SIEDSCHLAG AND JAN M. ROST PHYSICAL REVIEW A67, 013404 ~2003!
available in the literature@30#. The electrons are assumed
be localized at the nuclei.

After fixing the initial shape of the cluster, we start th
time evolution switching on the laser pulse~from this mo-
ment on, the contribution of the Lennard-Jones potentia
neglected!. For the electrons, the evolution consists of tw
parts: first, the modeling of the bound state and the proc
of ionization from this state; second, the propagation a
being ionized from an atom. We will refer to the first proce
as inner ionization, in contrast to theouter ionization, which
has the effect that an electron leaves the cluster@15#. Inner
ionization encompasses processes beyond classical me
ics, while the subsequent propagation and~eventually! outer
ionization is described classically via the integration of Ne
ton’s equations.

When irradiating a cluster with intense laser light, tw
processes can lead, at least in principle, to inner ionizat
field ionizationandelectron-impact ionization. In the case of
field ionization, the electric field inside the cluster~initially
only the laser field, later the combined field of laser, ions a
electrons! leads to a lowering of the potential barriers, so th
an electron can leave its mother atom via tunneling@17# or
evenover-the-barrier@18#. Electrons that are already inne
ionized, but not yet outer ionized, can further lead
electron-impact ionization. This mechanism was shown
play almost no role in small clusters@19#, as the average fre
path length with respect to electron-impact ionization
much larger than the cluster radius. For this reason we c
sider field ionization only.

The model is implemented as follows. Before the onse
the pulse the electrons of the cluster are assumed to b
calized at the atomic positions; the bare nucleus and all
electrons of an atom are treated as one neutral classical
ticle. It is only later that the electrons~through inner ioniza-
tion! are born as separate classical particles. Hence, the n
ber of particles in our simulation changes with time.

A classical charged particlej at positionrW j interacts with
another charged particlei at rW i via the potential

Vi
j[V~rW j ,rW i !5

ZiZj

~ urW i2rW j u21aZi
1aZj

!1/2
, ~1!

whereZi andZj are the charges of the two particles. TheaZi

areZ-dependent soft-core parameters, which help to regu
ize the Coulomb singularity. For an electron with chargeZe
521, we definea2150.1. If the potential Eq.~1! describes
the outermost electron bound to an atom (Z511) or ion of
chargeZ, we determineaZ from the energy balance

2Z~aZ1a21!21/25Ebind~Z!1e, ~2!

wheree50.01 is a small positive parameter.
At every time stepdt, we calculate for each atomj

51, . . . ,N, the ionization probability of the outermost ele
tron from tunneling through the instant potential landsca
U j in the directionêBj

5BW j /uBW j u of the instant electric field

BW j , which would be felt by the bound electron at the positi
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rW j of atom j. The instant electric field contains contribution
from all charged particles and the laser field,

BW j5¹Wr j(iÞ j
Vi

j1eW pf ~ t !, ~3!

whereeW p is the laser polarization vector andf (t) is the elec-
tric field of the laser pulse whose exact form we will discu
later. The tunneling integral reads now

I j~ t !5expF22E
r 2

r 1A2~U j~r !2En
j !drG , ~4!

where r 6 are the inner (2) and outer (1) turning points
defined byU j (r 6)50. The potential landscapeU j is given
by

U j~r !5(
iÞ j

Vi
j~rW j1rêBj

,rW i !1~rW j1rêBj
!eW pf ~ t !. ~5!

The energy levelEn
j is not the pure atomic levelEn

Zj , rather
it is shifted be the surrounding charge and the laser poten
while the potential of the atom from which the electron w
be ionized has to be subtracted because its influence i
ready contained inEn

Z :

En
j :5En

Zj1U j~0!2
Zj11

AaZj
10.1

. ~6!

The classical turning pointsr 6 are determined numerically
and the search forr 1 is continued untilI (t),10210. If we
find a positionr 8 with dUj /drur 5r 850 andEn

j .U j (r ) for
r<r 8, over-the-barrier ionization is possible. In this case
‘‘tunneling’’ probability is I (t)51.

The tunneling ratew(t) is the tunneling probabilityI (t)
multiplied by the frequency of the electron hitting the pote
tial barrier. In a semiclassical picture, this frequency is
inverse of the Kepler periodTn belonging to an orbit with
binding energyEn ,

Tn5p~Z11!/~2En
3!1/2. ~7!

Hence, the tunneling rate isw(t)5I (t)/Tn . The tunneling
probability over a unit of timedt is P(t)5w(t)dt. By com-
parison with a random numberz @Is P(t).z?# we decide if
the electron in question tunnels. If so, we place the electr
which now becomes a classical particle, outside the poten
barrier as close tor 1 as possible, with the exact position an
momentum of the electron determined by conservation of
total energy. If the ionization happens to be over the barr
we put the electron on top of the barrier, wheredUj /dr
50. The atomic charge is raised by 1 and the next virt
electron is allowed to tunnel.

The particles are classically propagated by integrat
Newton’s equations of motion. We have used a symple
integrator@20# with a time step ofdt50.1.
4-2
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FIG. 1. Time evolution of the number of clas
sically treated particles~a!, total charge of the
cluster ~b!, absorbed energy~c! in terms of the
cluster energy@Eq. ~9!#, and cluster radius~d! in
terms of average interionic distance@Eq. ~11!#
during a single run.
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B. A typical run

Although later we will calculate experimentally accessib
observables with a Monte Carlo ensemble, for a qualita
understanding of the phenomena it is sufficient to hav
closer look on a single event, since the overall behavio
the ensemble members is quite similar. As an example
consider a Ne16 cluster. The applied pulse has a peak inte
sity of I 51015 W/cm2, a frequency ofv50.055 a.u.~780
nm!, and it extends over 20 cycles, so that the pulse len
T'55 fs. We chose a sin2 function for the pulse envelope
i.e., the pulse is of the form

f ~ t !5F sin2~pt/T!sin~vt ! ~0<t<T!. ~8!

Figure 1 shows typical observables obtained from a sin
run during the laser pulse. After'750 a.u. the intensity o
the laser is sufficiently high for the first inner ionizatio
event, followed by a rapid increase in the number of class
particles@Fig. 1~a!# as well as the cluster charge@Fig. 1~b!#.
Obviously, the ionization of the first few electrons leads to
‘‘avalanche effect’’: the inner ionized electrons produce io
and together they create a strong electric field inside the c
ter, which helps to inner ionize further electrons~this is remi-
niscent of theionization ignitionmechanism@21#!. The ab-
sorbed energy is the difference of the cluster energyEtot
before and after the laser pulse@Fig. 1~c!#. As we can see
this rather small cluster can already absorb a consider
amount of energy. The oscillations are due to the laser
plitude f (t) and have no direct influence on the net ene
absorption. IfK is the set of nuclei with massM, E is the set
of inner ionized electrons already treated classically, andG is
the set of electrons that are still bound, the cluster energyEtot
is defined as

Etot5 (
i PK

Pi
2

2M
1(

i PE

pi
2

2
1 (

i , j PKøE
Vi

j1 (
i PG,n

En
i ~9!
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i PK

Zi~eW p•rW i ! f ~ t !2(
i PE

~eW p•rW i ! f ~ t ! ~10!

with the En
i from Eq. ~6!. As the cluster gets charged,

begins to expand, i.e., the mean interionic distance, defi
as

R~ t !5S 1

N (
i 51

N

min
iÞ j

$urW i2rW j u2% D 1/2

~11!

for a cluster ofN atoms, will increase@Fig. 1~d!#.
At the intensity used here, the cluster disintegrates co

pletely, i.e., we observe only atomic fragments after
pulse. Note that the expansion of the cluster takes place a
batically compared to the time scales of the laser freque
and the electronic motion, but on the same time scale as
pulse length. Hence, it is possible to explore radiu
dependent properties of the cluster by varying the pu
length.

C. Comparison to other models

Almost all existing models for small rare-gas clusters
strong laser fields rely essentially on classical mechan
The main differences lie in the treatment of inner ionizatio
Rose-Petrucket al. @21# used a fully classical descriptio
without tunneling. Instead, inner ionization occurs by t
deformation of the Kepler orbit of the active bound electr
through the laser field and the surrounding charges. Negl
ing any tunneling contributions, the first inner ionization w
take place a certain timeDt later than in our case. As we wil
see, this delay can have a significant influence on the su
quent dynamics of the cluster rendering a fully classi
treatment problematic.

In a later approach Ditmire@22# approximated the tunnel
ing contribution by the Landau rate for a bound electron
4-3
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CHRISTIAN SIEDSCHLAG AND JAN M. ROST PHYSICAL REVIEW A67, 013404 ~2003!
an external field@23#. In this case, inner ionization occurs
the local field strength at the position of the atom is stro
enough. Hence, an electron that comes by chance close
ion will createlocally such a strong field that ionization ca
hardly be avoided while in our formulation the entire en
ronment of an atom, i.e., the mean field must be suitable
ionization. Consequently, we get lower ionization rates th
in Ref. @22# but in better agreement with Ref.@19# that con-
tains probably the most complete quasiclassical formula
to date. The authors of Ref.@19# treat tunneling as we do, bu
use the full Coulomb interaction instead of soft-core pot
tials. This leads to the problem of unphysical classical au
ionization due to the missing lower bound in energy p
vided quantum mechanically by the uncertainty relation.
Ref. @19# this problem is avoided by invoking a mechanis
that recaptures the~classical! electrons into virtual bound
states. Although our approach and that of Ref.@19# differ in
the modeling of the forces and processes governing the e
tron dynamics, the ionization yields agree surprisingly we

III. ABSORPTION PROPERTIES FOR DIFFERENT
PULSE LENGTHS

To investigate how the expansion of a cluster during
interaction with a strong laser pulse influences its absorp
behavior, we have calculated the absorbed energy and
average ionic charges after the interaction for various pu
lengths. To keep the amount of energy delivered by th
pulses fixed, we demand the fluence to be constant, i.e.

E~T!:5E
0

T

f 2~ t !dt5const. ~12!

For a pulse of the shape of Eq.~8!, one has E(T)
53F2T/16 from Eq.~12!. For the reference pulse, we cho
the parameters already used in the single run from the
ceding section:F50.16 a.u., v50.055 a.u., and a puls
length of 20 cycles. Shorter pulses have a higher maxim
field strength and longer pulses a lower maximum fi
strength. The results were obtained by averaging ove
Monte Carlo ensemble consisting of 20 clusters.

The absorbed energy and the average atomic charges
function of pulse length under the constraint of Eq.~12! are
shown in Figs. 2 and 3, respectively, for clusters ofN516
atoms. The light Ne16 exhibits a monotonic decrease in e
ergy and charge as functions of the pulse length charact
tic for atoms. In contrast the heavier clusters, Ar16, Kr16,
and Xe16 show typical cluster properties with a maximum
a certain pulse lengthT* after an initial decrease in the yield
The maximum average charge per atom reached atT* is
with 4.5 for argon and almost 7 for xenon considerably lar
than for the respective isolated atom.

The maximum is much more pronounced for the ioniz
tion yield than for the absorbed energy for two reasons. F
for shorter pulses the mean internuclear distance just a
the pulse will in general be smaller than for longer pulses
that the Coulomb explosion energy will increase with d
creasing pulse length. Second, the ionized electrons, w
can be considered to be quasifree, acquire a higher kin
01340
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energy for shorter pulses, since the intensity is higher t
for longer pulses. These two effects wash out the minim
in the curve for the absorbed energy and decrease the
trast between the minimum and the maximum.

IV. CALCULATIONS WITH FIXED NUCLEI

The existence of an optimal pulse lengthT* can be easily
understood if an optimal cluster geometry with a critical i
terionic distanceR* exists, which maximizes the energy a
sorption~and also the ionization!. For short pulse lengths, th
cluster hardly expands during the pulse and the critical d
tance will be reached only well after the end of the pu
~providedR* is larger than the equilibrium distanceR0). For
longer pulses, the cluster will reachR* during the pulse. For
a certain pulse lengthT* , the time of reachingR* will
roughly coincide with the maximum of the pulse, whic
leads to optimal absorption. If the pulses are becoming e
longer,R* will be reached already before the maximum
the pulse. Moreover, the maximum intensity is decreas
due to the energy normalization@Eq. ~12!#. Both effects lead
to a decrease in energy absorption as well as in the ave
atomic ionization forT.T* .

FIG. 2. Energy absorption of Ne16 (s), Ar16 (d), Kr16 (L),
and Xe16 (*) for different pulse lengths~see text!.

FIG. 3. Average atom charge as a function of pulse lengths
different clusters; see Fig. 2. The solid lines are to guide the ey
4-4
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ENHANCED IONIZATION IN SMALL RARE-GAS CLUSTERS PHYSICAL REVIEW A67, 013404 ~2003!
What remains is to show that a critical distanceR* really
exists and to explain its origin. To this end, we have cal
lated the cluster ionization yield fordifferent, but fixed inte-
rionic distance. We have accomplished this by applying
scaling transformation

rW i
0⇒lrW i

0 ~13!

to the atomic positions, withl51 corresponding to the
ground-state configuration. The pulse we use is the refere
pulse for the calculations of the last section, i.e., of the fo
Eq. ~8! with F50.16 a.u., v50.055 a.u., and 20 cycle
length. For all four clusters under consideration, we obse
the existence of a criticalR* that is larger than the equilib
rium one ~Fig. 4!. Hence,R* can be reached during th
cluster expansion and the results of the preceding section
indeed be explained by the existence ofR* .

Finally, we ask whyR* exists. Two mechanisms could b
operative: first, a resonance effect where the electrons in
the cluster oscillate at a certain characteristic frequency
would coincide with the laser frequency at a certain clus
size. This kind of mechanism is well known from the pla
mon resonance in metal clusters@24#; being originally a
weak-field-concept, the plasmon has been claimed to pla
important role also in the strong-field regime@4#. However,
one needs a delocalized electron cloud to create a plas
resonance; in small rare-gas clusters, this condition is
fulfilled. Similarly, the quasiresonance mechanism of Re
@15,16# needs a large number of inner ionized electrons t
remain in the cluster. This requirement is not fulfilled for t
smaller clusters we describe here. The second mecha
would be a generalization of a concept first discovered
diatomic molecules@12,25,13#, called ENIO. It can be quali-
tatively explained by looking at the potential curve of
homonuclear diatomic molecule exposed to a quasist
electric field~see Fig. 5!: the upper energy level of the tw
levels 1s1 and 1s2 , which emanate from the bonding an
the antibonding molecular orbital when an electric field

FIG. 4. Average atomic charge, calculated with fixed nuclei,
a function of the mean interionic distance@see Eq.~11!, in units of
the equilibrium mean interionic distanceR0] for Ne16 (s), Ar16

(d), Kr16 (L) and Xe16 (*).
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switched on, will lie above the inner potential barrier b
below the outer potential barrier when the internuclear d
tanceR is small. On the other hand, whenR is large, the level
will lie below the inner barrier but above the outer barri
~using the terms introduced in the preceding section, we
say thatinner ionization is easier thanouter ionizationfor
small R and vice versa for largeR). For an intermediate
value ofR, typically around 6–8 a.u., the interplay betwe
the inner and outer ionizations will lead to a maximum in t
ionization rate.

This mechanism has been shown to be operative not o
in linear molecules and a linear chain of atoms@14#, but also
in triatomic molecules of triangular shape@26,27#. In this
case, the simple picture of Fig. 5 is already slightly distort
and it is more appropriate to think of enhanced ionization
terms of an optimal balance between the inner and o
ionizations, which makes the generalization of the mec
nism to a true many-body system such as a cluster m
easier.

One characteristic feature of the enhanced ionizat
mechanism is its relative insensitivity to the frequency of t
applied laser field. As long as the quasistatic picture is va
the value ofR* should not change significantly with the las
frequency. On the other hand, any resonance-type me
nism such as the plasmon picture should exhibit a str
dependence ofR* on the laser frequency. As shown in Fig.
the ionization yield of Ar16 for three different frequencies
peaks at almost the sameR* . Hence, we can exclude an
kind of resonance behavior in favor of the enhanced ioni
tion mechanism.

Although the position ofR* does not change with the
laser frequency, the absolute ionization yield does. This
due to the fact that electrons which are already outer ioni
tend to leave the cluster region faster when the frequenc
smaller: the quiver amplitude of an electron in an elect
field of frequencyv is proportional to 1/v2. Hence, on av-
erage, in fields of higher frequencies the already ioniz
electrons will stay closer to the cluster for a longer time a
lead to an increased field-ionization rate.

s
FIG. 5. Schematic potential curves and the upper energy le

1s2 of a diatomic molecule for different internuclear distances.
4-5
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V. EXPLORATION OF THE PARAMETERS
CONTROLLING LASER-CLUSTER INTERACTION

Having established the basic mechanism for coupling
ergy from the laser pulse into small rare-gas clusters, we
explore now the influence of different parameters on t
mechanism, such as cluster size, energy content of the
pulse, and laser polarization.

A. Different cluster sizes

First, we present the cluster response with fixed nuc
The average atomic charge and the absorbed energy
calculated as functions of the mean interionic distance
~11! analogous to Sec. IV. The equilibrium valueR0 does
hardly change when going to bigger clusters. The variat
of R0 for Ne16, Ne20, Ne25, and Ne30 is only about 0.01 a.u
We have used the same pulse as in Sec. IV. As can be
from Fig. 7 the bigger clusters show almost no differen
compared to Ne16 when the energy is normalized to the num
ber of cluster atoms. In particular, the existence of a criti
distanceR* .R0 is confirmed in all cases.

There is no hint on a transition to a collective behavior
these cluster sizes. If we think of cluster physics as the tr
sition regime between atomic and solid-state physics, we
still on the atomic side with a cluster of 30 atoms.

From the fact that the charge per atom is almost indep
dent of the number of cluster atoms we may conclude
only the next-neighbor atoms participate in the mechan
of enhanced ionization; otherwise the effectivity of th
mechanism should change with the cluster size. The
sorbed energy per atom, however, is varying with the num
of atoms. This effect can be easily understood by calcula
the change in the potential energyU(N) of a cluster consist-
ing of N ions of chargeZ and distanceR if one adds a new
ion with the same chargeZ to the cluster. If one assumes th
this new ion is placed at the border of the cluster, then

U~N11!5U~N!1NZ2/R. ~14!

FIG. 6. Atomic ionization yield for the three frequenciesv
50.055 a.u.~solid line!, v50.075 a.u.~long dashed line!, and v
50.11 a.u. ~dashed line! for Ar16. The pulse length wasT
555 fs.
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If 4pr s
3 denotes the volume per atom, thenR5N1/3r s and

U~N11!5U~N!1N2/3Z2/r s . ~15!

With N as a continuous variable one is left with the diffe
ential equation

dU~N!

dN
5

N2/3Z2

r s
, ~16!

so that finally

U~N!5
3

5

N5/3Z2

r s
. ~17!

Hence, the potential energy per atomU/N increases with
N2/3 if the charge per atom is independent ofN.

Proceeding from Ne to Ar clusters, one finds again t
the effectivity of the ionization mechanism hardly chang
on changing the cluster size, while the absorbed energy
atom increases withN, for the same reason as discuss
above~we show here only the energy in Fig. 8!. However,
while the Ne clusters show only a little shift ofR* as a
function of cluster size, the ratio ofR* to R0 increases
slightly more with increasingN for Ar. This is probably due
to a larger down-shift of the atomic energy levels by t
increased total amount of surrounding charge whenN is in-
creased. As can be seen from Fig. 5, a down-shift of
atomic energy levels leads to an increase inR* . Since the
electron release in argon clusters is larger than in Ne clus
ions of higher charge are generated than in neon clus
rendering this effect more pronounced for Ar clusters.

Since we have found a critical internuclear distanceR*
with R* .R0 in all cases considered, it is not too surprisin
that we find a behavior analogous to the small clusters
Figs. 2 and 3 if the bigger clusters are allowed to expa
freely. The results of these calculations, with the pulse n
malization being identical to Sec. III, are shown in Figs.

FIG. 7. Absorbed energy per atom as a function of the m
interionic distance for Ne16 (d), Ne20 (s), Ne25 (L), and Ne30

(*).
4-6
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and 10. For clarity, we have plotted the total cluster cha
instead of the average atomic charge, which is almost
same independent ofN.

The overall structure of the curves is seen to be qu
similar throughout the different cluster sizes. In the case
Ne clusters, the monotonic decrease that has been obse
for Ne16 in Fig. 3 goes over into a small maximum wit
increasingN, which indicates that the enhanced ionizati
mechanism is slightly more efficient for larger clusters wh
the ions are allowed to move. One tendency that can
observed for the Ar clusters is thatT* increases with increas
ing N. We have seen in Fig. 8 thatR* increases also withN,
so that the larger Ar clusters have to travel a longer dista
until they reach a critical distance. For the Ne clusters, on
contrary, the curves show almost no shift in theT direction
when N is changed. We will investigate the dependence
the expansion process on the various cluster parameters
as size and atom charge in closer detail in Sec. V.

FIG. 8. Absorbed energy/atom as a function of the mean int
onic distance for Ar16 (d), Ar20 (s), Ar25 (L), and Ar30 (*).

FIG. 9. Cluster charge as a function of pulse length for N16

(d), Ne20 (s), Ne25 (L), and Ne30 (*). Lines are to guide the
eye.
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B. The influence of the pulse normalization

Changing the laser intensityI in the case of H2
1 , with just

a single electron available, leads to a decrease of R* whenI
is increased and vice versa@28#. For clusters, the situation i
much more complicated because with increasingI lower ly-
ing energy levels will be ionized, so that it isa priori not
clear in which way a change of the laser intensity~in a cal-
culation with fixed nuclei! will influence the value ofR* .
Figure 11 shows the static ionization yields for Ne16 and
Xe16 under the influence of the pulse used so far~i.e., a peak
intensity of I 158.9931014 W/cm2), compared to the resul
of a calculation withI 252.1931015 W/cm2 ~in both cases
the pulse was of the form~8! with v50.055 a.u. andT
555 fs). In all four casesR* is larger thanR0 and can be
reached by cluster expansion. The value ofR* is, if at all,
only slightly decreased in the case of higher intensity: due
the large number of electrons involved the geometry of
problem is obviously not as sensitive to the laser fie
strength as in the H2

1 case.
Of course, the ionization yield is higher when the inte

sity is increased. This leads to significantly shorter expans
times when the nuclei are allowed to move. Consequen
the optimal pulse lengthsT* are now shifted towards smalle
values, as can be seen in Fig. 12 in accordance with
picture of the ionization process.

C. Enhanced ionization and circular polarization

So far all the results presented are expected to hold
for diatomic molecules. One main difference between suc
molecule and a cluster is the molecular axis: the whole p
ture of ENIO as sketched in Fig. 5 relies on the fact that
polarization direction of the applied laser field coincides w
the internuclear axis. And indeed, experiments as well
calculations with a polarization axis perpendicular to the m
lecular axis have shown no signature of enhanced ioniza
@26,29#. For the same reason ENIO is much less efficie
under circular polarization.

On the other hand, a cluster is~in first approximation!
spherically symmetric. Thus one would expect enhanced

i-
FIG. 10. Cluster charge as a function of pulse length for A16

(d), Ar20 (s), Ar25 (L), and Ar30 (*). Lines are to guide the
eye.
4-7
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CHRISTIAN SIEDSCHLAG AND JAN M. ROST PHYSICAL REVIEW A67, 013404 ~2003!
ization to work also with circularly polarized light. To tes
this hypothesis, we have performed the same calculation
in the previous sections, but now with circularly polariz
laser light. We have chosen the field strength of the la
such that the energy content of a pulse with a certain p
lengthT remains constant when passing from linear to cir
lar polarization. With this definition the maximum fiel
strength is decreased by a factor ofA2. As expected, ENIO
also exists for circularly polarized laser pulses. Figure
shows the calculations with fixed nuclei; Fig. 14 shows
corresponding results with moving nuclei. In the case
static nuclei, we find that the ionization yield in the critic
regime is almost as high for circular as for linear polarizat
~Fig. 4!, in sharp contrast to the above-mentioned results
diatomic molecules. Consequently, when the nuclei are
lowed to move, we also get qualitatively the same res
~Fig. 14! as with linear polarization~Fig. 3!. It is only for
rather long pulses that in the case of Ne16 and Ar16 the ion-
ization yield is significantly lower than in the linear cas
which is due to the reduced maximum field strength. Su
marizing our exploration of different parameters we find th
ENIO for clusters is a rather robust phenomenon. This

FIG. 11. Static ionization yield at the two intensitiesI 158.99
31014 W/cm2(d) andI 252.1931015 W/cm2(s) for Ne16 ~a! and
Xe16 ~b!. Lines are to guide the eye.
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motivated us to ask if the optimum pulse lengthT* can be
quantitatively linked to the critical distanceR* .

V. ANALYTICAL FORMULA FOR THE COULOMB
EXPLOSION

To isolate the relation ofT* to R* we divide the time-
dependent dynamics into three different phases~Fig. 15!:
phase I denotes the time from the onset of the laser p
until 50% of the atoms in the cluster have lost one elect
due to inner ionization. We will refer to this time asT0
subsequently. Since some of the inner ionized electrons
leave the cluster, we can say thatT0 marks the beginning of
the expansion process.

In this first phase inner ionization is dominated by atom
processes, the environment plays only a minor role. Fo
single atom~or ion! the time-dependent probability that th
active electron isnot yetionized reads, in terms of the field
dependent and binding-energy-dependent ionization
w„f (t),Eb…

FIG. 12. Pulse length dependent ionization yields with a pu
energy corresponding toI 252.1931015 and a pulse length of 20
cycles for Ne16 (s), Ar16 (d), Kr16 (L), and Xe16 (*).

FIG. 13. Atomic charges with fixed nuclei and circular polariz
tion for Ne16 (s), Ar16 (d), Kr16 (L), and Xe16 (*). The pulse
parameters areF050.16/A2 a.u.,v50.055 a.u., andT555 fs.
4-8
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Pneutral~ t !5expS 2E
0

t

w„f ~ t8!,Eb…dt8D , ~18!

whereEb denotes the binding energy. The probability that
electron has been ionized in a cluster consisting ofN such
atoms is given by

Pneutral
cluster~ t !5@Pneutral~ t !#N. ~19!

The exponential dependence onN rendersPneutral
cluster(t) practi-

cally a step function. Hence, the exact value~between 0 and
1! for the definition ofT0 is not relevant. We determineT0

from Pneutral
cluster(T0)51/2, which is tantamount to demandin

that on average 50% of the atoms in the cluster are sin
ionized atT0.

The second phase contains the cluster expansion up t
critical time T* , when the critical cluster distanceR* is
reached. Hence, the critical time is the sum ofT0 and the
expansion timeTexp:

T* 5T01Texp. ~20!

FIG. 14. Atomic charge for the same clusters as in Fig. 13 bu
a function of pulse lengthT with moving nuclei.

FIG. 15. Sketch of phases I, II, and III during the pulse~see text!.
01340
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The third phase is finally the time from reachingR* to the
end of the pulse.

FromT0 until the end of the pulse, the total cluster char
increases fromZ5N/2 to Z5Zfinal . As a first approximation,
we assume that the expansion fromR5R0 to R5R* is
driven by an effective charge per atomZ̄5aZfinal /N with a
constant factora that stands for the efficiency of the en
hanced ionization mechanism. Furthermore, the expansio
assumed to be accomplished by the Coulomb repulsion
the nuclei only, i.e., we neglect the influence of the laser fi
as well as of the electronic dynamics on the expansion p
cess. Under these two assumptions, we can use energy
servation to write

(
i 51

N
M

2
v i

21 (
( iÞ j )51

N
Z̄2

r i j ~ t !
5E, ~21!

wherer i j (t)5urW i(t)2rW j (t)u, M is the atomic mass, andv i is
the respective atomic velocities. As a further approximat
we assume that the expansion takes place in a homoge
and isotropic way, so that it can be described by a comm
expansion parameterl(t) with rW i(t)5l(t)rW i(0). Defining

K0ª(
i 51

N
1

2
Mr i

2~0!,

V0ª (
( iÞ j )51

N
~Zfinal /N!2

r i j ~0!
, ~22!

and taking into account that the kinetic energy is zero bef
the expansion, we may write the energy balance of Eq.~21!
as

K0l̇2~ t !1
a2

l~ t !
V05

a2

l~0!
V0 . ~23!

Finally, Eq.~23! may be rearranged as a differential equati
for l(t),

dl~ t !

dt
5aF S 12

1

l~ t ! D V0

K0
G1/2

, ~24!

which can be solved analytically by separation of variab
for the expansion time,

Texp5AK0

V0

1

a
@Al~l21!1 ln~Al211Al!#

5:AK0

V0

g~l!

a
. ~25!

The ratioK0 /V0 determines the time scale for the expansi
of the cluster. By replacingr i j (0), thedistance between two
ions in V0, with the average internuclear distanceR accord-
ing to Eq.~11! ~which would be an exact approximation if a
ions were placed on the surface of the cluster!, we can esti-
mate how this time scale depends on the characteristic v
ables of a cluster:

s

4-9
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CHRISTIAN SIEDSCHLAG AND JAN M. ROST PHYSICAL REVIEW A67, 013404 ~2003!
K0

V0
}

MR3

~N21!~Zfinal /N!2
. ~26!

From this equation we can read off how the expansion p
cess changes when the number of atoms,N, is changed while
keeping all other parameters fixed: ifVatom54/3pr s

3 is the
volume of one atom inside the cluster, thenR35Nrs

3 .
Hence, the time scale of the expansion is governed by
factor N/(N21), which depends only weakly onN.

Scaling of the optimal pulse length

Using Eq.~25! we are able to set up a relation betwe
the optimal pulse lengths for various clusters if we make o
last assumption: the factora, which determines the ratio
between the average atomic chargeZ̄ driving the expansion
up to R* and the final charge per atom after the pu
Zfinal /N, is identical for all clusters. If this hypothesis wa
true, then 12a would be a universal measure for the ef
ciency of the ENIO mechanism.

If a is the same for all clusters, we get from Eq.~25!
a linear relation between the expansion timeTexp and
g(l)(T0 /V0)1/2, different for each cluster. This prediction
confirmed by Fig. 16 that shows the expansion timesTexp
5T * /22T0 as a function of the cluster-dependent values
(K0 /V0)1/2g(l) for different clusters. We have obtainedl
from the respective static calculations for each cluster. A

FIG. 16. Expansion time~numerical data! as a function of
(K0 /V0)1/2g(l) and linear fits~see text!. Two different energy nor-
malizations were used:F050.16 a.u. ~solid line! and F0

50.25 a.u.~dashed line!, both at a frequency ofv50.055 a.u. and
a pulse length ofT555 fs. Ar16 ~d!, Ar20 ~s!, Ar25 ~h!, Ar30 ~L!,
Kr16 ~* !, and Xe16 ~3!.
ys
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ear fit to the data yieldsa50.38 anda50.37 for energy
normalized pulses atF050.16 andF050.25, respectively.
The correlation coefficient is in both cases higher than 0.
Hence,a is the same for different clusters, and it is ev
almost the same for different energy normalizations of
laser pulse. This resulta posteriori justifies the approxima-
tions we have made in establishing our expansion mode

The fact thata remains almost the same on changing t
pulse normalization is certainly an unexpected result; it
probably valid only for a limited range of pulse energy co
tents, if one thinks ofa as a measure for the efficiency o
ENIO. At least in the limit of a very large pulse energy, wh
the electric field of the laser is larger than the electric fie
from the charges in the cluster, we expect the ENIO mec
nism to play no important role any more, since the clus
geometry will be washed out. However, the good agreem
of the linear fit in Fig. 16 with our numerical data for each
the two normalizations separately points to a deeper sca
relation between the various clusters, the reason for wh
will be explored in future work.

VI. SUMMARY AND CONCLUSION

We have developed a quasiclassical model for a sm
rare-gas cluster in strong laser fields. This model allows u
investigate not only the influence of several parameters, s
as the atomic element and the cluster size, but also the c
acteristics of the applied laser field. We have shown that
a function of pulse length, the energy absorption as wel
the ionization yield of all but the Ne clusters show a cle
maximum when the energy content of the pulse is kept fix
This behavior has been attributed to the existence of a c
cal average internuclear distanceR* , whose origin could be
explained by generalizing the CREI or ENIO concept fro
diatomic molecules to small rare-gas clusters. It was sho
that this mechanism is stable against a change of sys
parameters, even when switching from linear to circular p
larization. This is a pronounced difference between clus
and molecules.

Finally, we were able to condense the absorption and
pansion process into a simple model and obtained an ana
cal expression connecting the expansion time and the clu
properties. The validity of this expression has been c
firmed by our numerical data.
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