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Enhanced ionization in small rare-gas clusters
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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 akineiehanced ionizatioffirst discovered for diatomic molecules. The
phenomenon is robust under changes of the atomic elefnenn, argon, krypton, xen@nthe number of
atoms in the clustef16—-30 atoms have been studiednd 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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[. INTRODUCTION different parameters of the laser pulse. Qualitatively similar
to the full dynamical simulation of Ref16], but in contrast
Building the bridge between atomic and solid-state physto Ref.[15], we describe the entire process including initial
ics, cluster physics has become a vivid research field of itonization fully dynamically. That is, we neither fix priori
own. While the static properties of clusters are by now welland by hand the nuclei nor the number of ionized electrons.
understood, there remain open problems concerning the dydowever, we will also address the case of fixed nuclei since
namics of clusters under external perturbations. Linearit is the traditional way to detect ENIQ12,13. Our investi-
response theory has proven to be a valid tool for the invesgations allow us to formulate a relatively simple analytical
tigation of dynamical properties under weak perturbationgnodel that relates the maximum electron release in rare-gas
[1]. However, with increasing strength of the perturbation,atom clusters to an optimal pulse length.
the description of the cluster evolution becomes more and The paper is organized as follows: after introducing the
more involved[2]. numerical model and comparing it to other approaches in
On the other hand, experimental studiembstly) rare-  Sec. Ill, we investigate the dependence of energy absorption
gas clusters interacting with highly charged projectilglsas  and ionization yield on the pulse length in a series of clusters
well as with short, intense laser pulses have produced a nuni? Sec. lll. From the results of these calculations a generic
ber of interesting results calling for an explanation. Rare-gadehavior emerges, which can be explained by invoking the
clusters exposed to intense laser light have shown a big irabove-mentioned enhanced ionization mechanism as ex-
crease of energy absorption compared to the single-atomlained in Sec. IV. We give strong evidence that this mecha-
casd4—9]. When irradiated with a £8-W/cn? femtosecond nism should play an important role in the laser-cluster inter-
laser pulse whose wavelength is in the optical regime, on@ction over a wide range of parameters detailed in Sec. V.
observes, depending on the cluster size and the atomic el&inally we condense our picture of the ionization process
ment, ionic charge states of up to 40. These high chargi#to a simple analytical expression that quantifies the role of
states let the fragmenting ions gain an enormous amount ¢he experimentally accessible variables such as the cluster
kinetic energy. The most spectacular example of this highlysize or atomic element in the process of energy absorption in
energetic process has certainly been the recent experimen@gc. V1. Section VII summarizes our work. Atomic units are
observation of nuclear fusion in a clusfd0]. used if not stated otherwise.
Here, we focus on clusters of some 10 atoms. We have
developed a model containing the essential features of the
interaction between the cluster and the laser field. The main Il. THE CLUSTER MODEL
findings have been reported briefly in REF1]; namely, that
energy absorption from the laser pulse proceeds through a
mechanism originally discovered for diatomic molecules Since the dimension of the problem is far too high to
(enhanced ionizatiofENIO) [12,13). However, there are allow for an exact quantum-mechanical treatment, we have
differences, e.g., ENIO has on clusters a similar effect foformulated a model to describe the dynamics of rare-gas
both linear and circular polarization of the laser. clusters in strong laser fields. We resort to a classical treat-
An enhancement of ionization has also been observed fanent, with a few but essential quantum-mechanical ele-
a model of a linear chain of up to seven atoms by Veniardnents.
et al. [14]. Most likely this enhancement is due to the same Initially, before the onset of the laser pulse, we compute
ENIO mechanism that we will discuss here, while the en-the equilibrium ground-state configuration of the cluster with
hancement reported in Refd5,16 for a cluster of several Lennard-Jones interactions between the neutral cluster at-
hundred atoms has been attributed to a different mechanisoms. One can find the global potential minimum for a certain
of collective electron motion. cluster by propagating the atoms while cooling down the
We will give a detailed account of our approach and dis-system so it relaxes to the global minimum. However, the
cuss results for a number of different elements as well as foglobal minima for this type of interaction are also readily

A. Theoretical formulation and numerical implementation
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available in the literaturg30]. The electrons are assumed to r; of atomj. The instant electric field contains contributions

be localized at the nuclei. . :
After fixing the initial shape of the cluster, we start the from all charged particles and the laser field,

time evolution switching on the laser pulgttom this mo-

ment on, the contribution of the Lennard-Jones potential is éj:ﬁr_E Vi+€e,f (1), (3)
neglected For the electrons, the evolution consists of two N7

parts: first, the modeling of the bound state and the process .

of ionization from this state; second, the propagation aftewheree, is the laser polarization vector arfi(t) is the elec-
being ionized from an atom. We will refer to the first processtric field of the laser pulse whose exact form we will discuss
asinner ionization in contrast to theuter ionization which  later. The tunneling integral reads now

has the effect that an electron leaves the clustsf. Inner

ionization encompasses processes beyond classical mechan- r+

ics, while the subsequent propagation d@edentually outer Ij(t)=ex;{ _Zfr V2(Uj(r)—Epdr |, )
ionization is described classically via the integration of New- -

ton’s equations. wherer .. are the inner £) and outer ¢) turning points

When irradiating a cluster with intense laser light, two yefined byU:(r.)=0. The potential landscagé; is given
processes can lead, at least in principle, to inner ionizatiort;,y e J

field ionizationandelectron-impact ionizationn the case of

field ionization, the electric field inside the clust@nitially L

only the laser field, later the combined field of laser, ions and Uj(r)=_2 V{(rj+rij,ri)+(rj+rij)epf(t). (5)
electrons leads to a lowering of the potential barriers, so that s

an electron can leave its mother atom via tunnelibgl or . _ .
evenover-the-barrier[18]. Electrons that are already inner The energy leveE], is not the pure atomic levet,/, rather
ionized, but not yet outer ionized, can further lead toitis shifted be the surrounding charge and the laser potential
electron-impact ionization. This mechanism was shown tovhile the potential of the atom from which the electron will
play almost no role in small clustef9], as the average free be ionized has to be subtracted because its influence is al-
path length with respect to electron-impact ionization isready contained ifE? :

much larger than the cluster radius. For this reason we con-

sider field ionization only. _ 5 Z+1
The model is implemented as follows. Before the onset of EL:= E./+U;(0)— \/—T()l (6)
the pulse the electrons of the cluster are assumed to be lo- az, Y.

calized at the atomic positions; the bare nucleus and all the

electrons of an atom are treated as one neutral classical parhe classical turning points. are determined numerically
ticle. It is only later that the electror(shrough inner ioniza- and the search for, is continued until (t)<10*1°. If we
tion) are born as separate classical particles. Hence, the nurfind a positionr” with dU;/dr|,_,,=0 andE}>Uj(r) for

ber of particles in our simulation changes with time. r<r’, over-the-barrier ionization is possible. In this case the

A classical charged particieat positionr; interacts with ~ “tunneling” probability is I(t)=1.

another charged particieat Fi via the potential The tunneling ratav(t) is the tunneling probability (t)
multiplied by the frequency of the electron hitting the poten-

, .. Z.Z; tial barrier. In a semiclassical picture, this frequency is the
VI=V(rj,r)= (|F——F-|2+a] T (1) in_verse of the Kepler period,, belonging to an orbit with
i~ z; " 9z, binding energyg,, ,
whereZ; andZ; are the charges of the two particles. e To=m(Z+1)/(2E3)Y2. (7)

areZ-dependent soft-core parameters, which help to regular-

ize the Coulomb singularity. For an electron with chafge Hence, the tunneling rate iw(t) =I(t)/T,. The tunneling
=—1, we definea_;=0.1. If the potential Eq(1) describes probability over a unit of timelt is P(t) =w(t)dt. By com-
the outermost electron bound to an atof=(+ 1) or ion of ~ parison with a random numberfls P(t)>z?] we decide if

chargeZ, we determine, from the energy balance the electron in question tunnels. If so, we place the electron,
which now becomes a classical particle, outside the potential
~Z(ay+a_)) Y=E,(2)+e, (2)  barrier as close to, as possible, with the exact position and

momentum of the electron determined by conservation of the
total energy. If the ionization happens to be over the barrier,
we put the electron on top of the barrier, whet®; /dr

=0. The atomic charge is raised by 1 and the next virtual
£lectron is allowed to tunnel.

The particles are classically propagated by integrating
- ewton’s equations of motion. We have used a symplectic
B; , which would be felt by the bound electron at the positionintegrator[20] with a time step ofdt=0.1.

wheree=0.01 is a small positive parameter.

At every time stepdt, we calculate for each atom
=1,... N, the ionization probability of the outermost elec-
tron from tunneling through the instant potential landscap

U; in the directionész B;/|Bj| of the instant electric field
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Although later we will calculate experimentally accessible i<t
observables with a Monte Carlo ensemble, for a qualitative .
understanding of the phenomena it is sufficient to have avith the E,, from Eq. (6). As the cluster gets charged, it
closer look on a single event, since the overall behavior obegins to expand, i.e., the mean interionic distance, defined
the ensemble members is quite similar. As an example was
consider a Ng; cluster. The applied pulse has a peak inten-

sity of 1=10"° W/cn?, a frequency ofw=0.055 a.u.(780 N ) v

nm), and it extends over 20 cycles, so that the pulse length RO=I§ Z’l r_r::_n{|ri—rj| } 1D
T~55 fs. We chose a sirfunction for the pulse envelope, s

i.e., the pulse is of the form for a cluster ofN atoms, will increas¢Fig. 1(d)].

i - At the intensity used here, the cluster disintegrates com-
f()=F sif(mt/T)sifwt) (O<t<T). ® pletely, i.e., we observe only atomic fragments after the

Figure 1 shows typical observables obtained from a Sing@ulz_;e. Note that the expans_ion of the cluster takes place adia-
run during the laser pulse. After 750 a.u. the intensity of batically compar_ed to Fhe time scales of the_laser frequency
the laser is sufficiently high for the first inner ionization @nd the electronic motion, but on the same time scale as the
event, followed by a rapid increase in the number of classicapulse length. Hence, it is possible to explore radius-
particles[Fig. 1(a)] as well as the cluster chargEig. 1(b)]. dependent properties of the cluster by varying the pulse
Obviously, the ionization of the first few electrons leads to an'€ngth.

“avalanche effect”: the inner ionized electrons produce ions

and together they create a strong electric field inside the clus- C. Comparison to other models

ter, which helps to inner ionize further electrdfisis is remi- Almost all existing models for small rare-gas clusters in
niscent of theionization ignitionmechanisn{21]). The ab- gyonq Jaser fields rely essentially on classical mechanics.
sorbed energy is the dlfferencg of the cluster ene&gy  The main differences lie in the treatment of inner ionization.
be_fore and after the laser pulfgig. 1(c)]. As we can S€€,  Rose-Petruclet al. [21] used a fully classical description
this rather small cluster can a_lready absorb a considerabl(giihout tunneling. Instead, inner ionization occurs by the
amount of energy. The oscillations are due to the laser amyetormation of the Kepler orbit of the active bound electron
plitude f(t) and have no direct influence on the net energyynrq,gh the laser field and the surrounding charges. Neglect-
absorption. IfKC is the set of nuclei with masd, £is the set 4 a0y tunneling contributions, the first inner ionization will
of inner ionized electrons already treated classically, @ 51 place a certain tim&t later than in our case. As we will
the set of electrons that are still bound, the cluster enBfgy see, this delay can have a significant influence on the subse-

is defined as quent dynamics of the cluster rendering a fully classical
p2 2 treatment problematic.
Eio= 2 _i+2 p_i+ 2 VH E Ein (9) _ Ina Ia_ter gpproach DitmirE22] approximated the tunnel-_
ick 2M i ijekue ieg,n ing contribution by the Landau rate for a bound electron in
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an external field23]. In this case, inner ionization occurs if 30000
the local field strength at the position of the atom is strong

enough. Hence, an electron that comes by chance close to an *
ion will createlocally such a strong field that ionization can

hardly be avoided while in our formulation the entire envi- % 20000 £

ronment of an atom, i.e., the mean field must be suitable for B f

ionization. Consequently, we get lower ionization rates than é kK x % * K % % 5
in Ref.[22] but in better agreement with RegfL9] that con- 2

tains probably the most complete quasiclassical formulation % 10000 | 00000 400

to date. The authors of RdfL9] treat tunneling as we do, but bl s o adl JPAPSY ISR PY

use the full Coulomb interaction instead of soft-core poten-

tials. This leads to the problem of unphysical classical auto-

ionization due to the missing lower bound in energy pro-

vided quantum mechanically by the uncertainty relation. In T (aw)

Ref.[19] this problem is avoided by invoking a mechanism

that recaptures théclassical electrons into virtual bound FIG. 2. Energy absorption of Ng(O), Arys (@), Krig (€ ),

states. Although our approach and that of R&€] differ in ~ and Xae (*) for different pulse lengthgsee text

the modeling of the forces and processes governing the elec-

tron dynamics, the ionization yields agree surprisingly well.energy for shorter pulses, since the intensity is higher than

for longer pulses. These two effects wash out the minimum
IIl. ABSORPTION PROPERTIES FOR DIFFERENT in the curve for the absorbed energy and decrease the con-
PULSE LENGTHS trast between the minimum and the maximum.

15000 20000

To investigate how the expansion of a cluster during the
interaction with a strong laser pulse influences its absorption IV. CALCULATIONS WITH FIXED NUCLEI
behavior, we have calculated the absorbed energy and the The existence of an optimal pulse lendth can be easily
average ionic charges after the interaction for various pulsgngerstood if an optimal cluster geometry with a critical in-
lengths. To keep the amount of energy delivered by theSgrionic distanceR* exists, which maximizes the energy ab-
pulses fixed, we demand the fluence to be constant, i.e., sorption(and also the ionizationFor short pulse lengths, the
. cluster hardly expands during the pulse and the critical dis-
. 2 _ tance will be reached only well after the end of the pulse
E(T): fof (tydt=const (12 (providedR* is larger than the equilibrium distan&g). For
longer pulses, the cluster will rea&t during the pulse. For

For a pulse of the shape of EdB8), one hasE(T) a certain pulse lengtii*, the time of reachingR* will
=3F2T/16 from Eq.(12). For the reference pulse, we chose roughly coincide with the maximum of the pulse, which
the parameters already used in the single run from the prdeads to optimal absorption. If the pulses are becoming even
ceding section:F=0.16 a.u., w=0.055 a.u., and a pulse longer,R* will be reached already before the maximum of
length of 20 cycles. Shorter pulses have a higher maximurthe pulse. Moreover, the maximum intensity is decreasing
field strength and longer pulses a lower maximum fielddue to the energy normalizatigiq. (12)]. Both effects lead
strength. The results were obtained by averaging over 0 & decrease in energy absorption as well as in the average

Monte Carlo ensemble consisting of 20 clusters. atomic ionization forT>T*.
The absorbed energy and the average atomic charges as a
function of pulse length under the constraint of Etp) are 8

shown in Figs. 2 and 3, respectively, for clustershof 16
atoms. The light Ng exhibits a monotonic decrease in en-
ergy and charge as functions of the pulse length characteris- 6 %
tic for atoms. In contrast the heavier clusters;gArKrg, ‘
and Xgg show typical cluster properties with a maximum at
a certain pulse lengthi* after an initial decrease in the yield.
The maximum average charge per atom reached*ais
with 4.5 for argon and almost 7 for xenon considerably larger (
than for the respective isolated atom. 2 T 3

average atom charge
o~
L

The maximum is much more pronounced for the ioniza-
tion yield than for the absorbed energy for two reasons. First,
for shorter pulses the mean internuclear distance just after 0! ‘ ‘ \
the pulse will in general be smaller than for longer pulses, so 0 5000 ;(2232 15000 20000
that the Coulomb explosion energy will increase with de- -
creasing pulse length. Second, the ionized electrons, which FIG. 3. Average atom charge as a function of pulse lengths for
can be considered to be quasifree, acquire a higher kinetidifferent clusters; see Fig. 2. The solid lines are to guide the eye.
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FIG. 4. Average atomic charge, calculated with fixed nuclei, as
a function of the mean interionic distanggee Eq(11), in units of FIG. 5. Schematic potential curves and the upper energy level
the equilibrium mean interionic distand®,] for Ne;g (O), Aryg 1o _ of a diatomic molecule for different internuclear distances.
(@), Kris (¢) and Xegg (*).

o . ) switched on, will lie above the inner potential barrier but

What remains is to show that a critical distarRereally  pejoy the outer potential barrier when the internuclear dis-
exists and to explain its origin. To this end, we have calcUiznceRis small. On the other hand, wh&is large, the level

lated the cluster ionization yield fafifferent butfixedinte- i jie below the inner barrier but above the outer barrier

rionic distance. We have accomplished this by applying &ysing the terms introduced in the preceding section, we can

scaling transformation say thatinner ionizationis easier tharouter ionizationfor

- o small R and vice versa for larg®). For an intermediate

ri=NArj (13 value ofR, typically around 6—8 a.u., the interplay between

the inner and outer ionizations will lead to a maximum in the
to the atomic positions, withh=1 corresponding to the ionization rate.
ground-state configuration. The pulse we use is the reference This mechanism has been shown to be operative not only
pulse for the calculations of the last section, i.e., of the formin linear molecules and a linear chain of atofhé], but also
Eq. (8) with F=0.16 a.u.,, »=0.055 a.u., and 20 cycles in triatomic molecules of triangular shap26,27. In this
length. For all four clusters under consideration, we observease, the simple picture of Fig. 5 is already slightly distorted,
the existence of a criticdR* that is larger than the equilib- and it is more appropriate to think of enhanced ionization in
rium one (Fig. 4. Hence,R* can be reached during the terms of an optimal balance between the inner and outer
cluster expansion and the results of the preceding section caonizations, which makes the generalization of the mecha-
indeed be explained by the existenceRjf. nism to a true many-body system such as a cluster much
Finally, we ask whyR* exists. Two mechanisms could be easier.

operative: first, a resonance effect where the electrons inside One characteristic feature of the enhanced ionization
the cluster oscillate at a certain characteristic frequency thanechanism is its relative insensitivity to the frequency of the
would coincide with the laser frequency at a certain clusteapplied laser field. As long as the quasistatic picture is valid,
size. This kind of mechanism is well known from the plas-the value ofR* should not change significantly with the laser
mon resonance in metal clustef®4]; being originally a  frequency. On the other hand, any resonance-type mecha-
weak-field-concept, the plasmon has been claimed to play amsm such as the plasmon picture should exhibit a strong
important role also in the strong-field regirié]. However, dependence d®* on the laser frequency. As shown in Fig. 6
one needs a delocalized electron cloud to create a plasmdhe ionization yield of Arg for three different frequencies
resonance; in small rare-gas clusters, this condition is ngbeaks at almost the sani®. Hence, we can exclude any
fulfilled. Similarly, the quasiresonance mechanism of Refskind of resonance behavior in favor of the enhanced ioniza-
[15,16 needs a large number of inner ionized electrons thation mechanism.
remain in the cluster. This requirement is not fulfilled for the  Although the position ofR* does not change with the
smaller clusters we describe here. The second mechanisiaser frequency, the absolute ionization yield does. This is
would be a generalization of a concept first discovered fodue to the fact that electrons which are already outer ionized
diatomic molecule$12,25,13, called ENIO. It can be quali- tend to leave the cluster region faster when the frequency is
tatively explained by looking at the potential curve of asmaller: the quiver amplitude of an electron in an electric
homonuclear diatomic molecule exposed to a quasistatiield of frequencyw is proportional to 1b?. Hence, on av-
electric field(see Fig. % the upper energy level of the two erage, in fields of higher frequencies the already ionized
levels 1o, and lo_, which emanate from the bonding and electrons will stay closer to the cluster for a longer time and
the antibonding molecular orbital when an electric field islead to an increased field-ionization rate.
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FIG. 6. Atomic ionization yield for the three frequencies FIG. 7. Absorbed energy per atom as a function of the mean

=0.055 a.u.(solid line), ®=0.075 a.u.(long dashed ling and » interionic distance for Ng (@), Ney (O), Nex (¢), and Ngg
=0.11 a.u. (dashed ling for Arys. The pulse length wasT ™).
=55 fs.
If 47r2 denotes the volume per atom, thRe- N3 ¢ and
V. EXPLORATION OF THE PARAMETERS
CONTROLLING LASER-CLUSTER INTERACTION U(N+1)=U(N)+N¥322r . (15)

Having established the basic mechanism for coupling en- ) ) i ) )
ergy from the laser pulse into small rare-gas clusters, we wil/Vith N @s a continuous variable one is left with the differ-
explore now the influence of different parameters on thi€ntial equation
mechanism, such as cluster size, energy content of the laser

21352
pulse, and laser polarization. dU(N) _ A

“dN re ' (16
A. Different cluster sizes .
. L S0 that finally
First, we present the cluster response with fixed nuclei.
The average atomic charge and the absorbed energy were 3 N5/372
calculated as functions of the mean interionic distance Eq. U(N)= £ (17)

(11) analogous to Sec. IV. The equilibrium vall® does s

hardly change when going to bigger clusters. The variation ] ) .

of R, for Neys, Neyo, Neys, and Ny is only about 0.01 a.u. thelgu_:e, the potential energy per atdiN increases with

We have used the same pulse as in Sec. IV. As can be sedli ” if the charge per atom is independenthaf _

from Fig. 7 the bigger clusters show almost no difference Proceeding from Ne to Ar clusters, one finds again that

compared to Ng when the energy is normalized to the num- the effectivity of the ionization mechamsm hardly changes

ber of cluster atoms. In particular, the existence of a criticaP" changing the cluster size, while the absorbed energy per

distanceR* >R, is confirmed in all cases. atom increases witlN, for the same reason as discussed
There is no hint on a transition to a collective behavior at2Pove(we show here only the energy in Fig). owever,

these cluster sizes. If we think of cluster physics as the trarivhile the Ne clusters show only a little shift &t as a

sition regime between atomic and solid-state physics, we arginction of cluster size, the ratio dR* to R, increases

still on the atomic side with a cluster of 30 atoms. slightly more with increasind\ for Ar. This is probably due
From the fact that the charge per atom is almost indeperi® & larger down-shift of the atomic energy levels by the

dent of the number of cluster atoms we may conclude thaf’creased total amount of surrounding charge wieis in-

only the next-neighbor atoms participate in the mechanisn§réased. As can be seen from Fig. 5, a down-shift of the

of enhanced ionization; otherwise the effectivity of this atomic energy levels leads to an increaseRfn Since the

mechanism should change with the cluster size. The atglectron release in argon clusters is larger than in Ne clusters

sorbed energy per atom, however, is varying with the numbei©ns of higher charge are generated than in neon clusters,

of atoms. This effect can be easily understood by calculatingendering this effect more pronounced for Ar clusters.

the change in the potential energy{N) of a cluster consist- Since we have found a critical internuclear distai®e

ing of N ions of chargeZ and distance if one adds a new With R*>R, in all cases considered, it is not too surprising

ion with the same charggto the cluster. If one assumes that that we find a behavior analogous to the small clusters of

this new ion is placed at the border of the cluster, then ~ Figs. 2 and 3 if the bigger clusters are allowed to expand
freely. The results of these calculations, with the pulse nor-

U(N+1)=U(N)+NZ?R. (14 malization being identical to Sec. Ill, are shown in Figs. 9
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FIG. 10. Cluster charge as a function of pulse length fofgAr

FIG. 8. Absorbed energy/atom as a function of the mean interi @), Ar,, (O), Ar,s (¢), and Ag, (*). Lines are to guide the

onic distance for A (@), Aryg (O), Arys (<€), and Agg (*).

eye.

B. The influence of the pulse normalization

and 10. For clarity, we have plotted the total cluster charge
instead of the average atomic charge, which is almost the Changing the laser intensityin the case of Bl , with just
same independent d\. a single electron available, leads to a decrease’ofuRenl
The overall structure of the curves is seen to be quitds increased and vice vera8]. For clusters, the situation is
similar throughout the different cluster sizes. In the case omuch more complicated because with increasimgwer ly-
Ne clusters, the monotonic decrease that has been obsenid energy levels will be ionized, so that it & priori not
for Neyg in Fig. 3 goes over into a small maximum with Cléar in which way a change of the laser intensitya cal-
increasingN, which indicates that the enhanced ionizationculation with fixed nucléi will influence the value ofR*.
mechanism is slightly more efficient for larger clusters whenFiguré 11 shows the static ionization yields for yl@nd

the ions are allowed to move. One tendency that can b&®&1s Under the

observed for the Ar clusters is that increases with increas-
ing N. We have seen in Fig. 8 th&"* increases also withl,

so that the larger Ar clusters have to travel a longer distanc
until they reach a critical distance. For the Ne clusters, on th

contrary, the curves show almost no shift in thelirection

when N is changed. We will investigate the dependence o
the expansion process on the various cluster parameters SUﬁ

as size and atom charge in closer detail in Sec. V.
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FIG. 9. Cluster charge as a function of pulse length foggNe
(@), Ney (O), Neys (¢), and Ngg (*). Lines are to guide the
eye.

e

influence of the pulse used so(fa., a peak
intensity ofl,=8.99x 10** W/cn?), compared to the result
of a calculation withl ,=2.19x 10'® W/cn? (in both cases
Ehe pulse was of the forn8) with »=0.055 a.u. andrl
=55 fs). In all four caseR* is larger thanR, and can be
feached by cluster expansion. The valueRdf is, if at all,
nly slightly decreased in the case of higher intensity: due to
e large number of electrons involved the geometry of the
blem is obviously not as sensitive to the laser field
strength as in the H case.

Of course, the ionization yield is higher when the inten-
sity is increased. This leads to significantly shorter expansion
times when the nuclei are allowed to move. Consequently,
the optimal pulse lengthE* are now shifted towards smaller
values, as can be seen in Fig. 12 in accordance with our
picture of the ionization process.

C. Enhanced ionization and circular polarization

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

On the other hand, a cluster (& first approximation
spherically symmetric. Thus one would expect enhanced ion-
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atomic charge
-
(9,
atomic charge

-
T

o
o
.
1
r

0 ‘ : : 0 2000 4000 6000 8000 10000
0 1 2 3 4 5 T (a.u.)

8 ‘ FIG. 12. Pulse length dependent ionization yields with a pulse
energy corresponding th,=2.19x 10'® and a pulse length of 20
cycles for Ngg (O), Aris (@), Krig (¢), and Xgg (*).

motivated us to ask if the optimum pulse length can be
guantitatively linked to the critical distand®* .

V. ANALYTICAL FORMULA FOR THE COULOMB
EXPLOSION

atomic charge

To isolate the relation of* to R* we divide the time-
dependent dynamics into three different phadeg. 15:
phase | denotes the time from the onset of the laser pulse
until 50% of the atoms in the cluster have lost one electron
due to inner ionization. We will refer to this time &%
subsequently. Since some of the inner ionized electrons will
R/Ro leave the cluster, we can say tfigf marks the beginning of
the expansion process.

In this first phase inner ionization is dominated by atomic
processes, the environment plays only a minor role. For a
single atom(or ion) the time-dependent probability that the
active electron isot yetionized reads, in terms of the field-
ization to WOI’k a|SO W|th Circularly polarized I|ght To test dependent and binding_energy_dependent ionization rate
this hypothesis, we have performed the same calculations gg(f (t),E,)
in the previous sections, but now with circularly polarized
laser light. We have chosen the field strength of the laser ' '

FIG. 11. Static ionization yield at the two intensitis=8.99
X 10" W/cn?(®) andl,=2.19x 10'® W/cn?(O) for Nejg (a) and
Xeyg (b). Lines are to guide the eye.

such that the energy content of a pulse with a certain pulse 6 r e,

lengthT remains constant when passing from linear to circu- f %

lar polarization. With this definition the maximum field 5+ * ]
strength is decreased by a factor\#. As expected, ENIO *% *fgk

also exists for circularly polarized laser pulses. Figure 13 4r %00 o o

shows the calculations with fixed nuclei; Fig. 14 shows the
corresponding results with moving nuclei. In the case of
static nuclei, we find that the ionization yield in the critical

regime is almost as high for circular as for linear polarization
(Fig. 4), in sharp contrast to the above-mentioned results for

w
T

%5@5.%{
.go
§<§>
i
B

diatomic molecules. Consequently, when the nuclei are al- 1+

lowed to move, we also get qualitatively the same results

(Fig. 14 as with linear polarizatioriFig. 3. It is only for 0

rather long pulses that in the case of;Nand Arg the ion- 0 R/Ro

ization yield is significantly lower than in the linear case,

which is due to the reduced maximum field strength. Sum- FIG. 13. Atomic charges with fixed nuclei and circular polariza-
marizing our exploration of different parameters we find thattion for Ne;g (O), Arys (@), Krig (<), and Xgg (*). The pulse
ENIO for clusters is a rather robust phenomenon. This haparameters ar€,=0.16A/2 a.u., w=0.055 a.u., and =55 fs.
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The third phase is finally the time from reachiRj to the
end of the pulse.

FromT, until the end of the pulse, the total cluster charge
increases frolZ = N/2 to Z=Z;,, - As a first approximation,
we assume that the expansion frdR=R, to R=R* is

driven by an effective charge per atoh+ aZ;,,/N with a
constant factore that stands for the efficiency of the en-
hanced ionization mechanism. Furthermore, the expansion is
assumed to be accomplished by the Coulomb repulsion of
the nuclei only, i.e., we neglect the influence of the laser field

as well as of the electronic dynamics on the expansion pro-
cess. Under these two assumptions, we can use energy con-
servation to write

o®

: é@% :
0 5000 10000 15000
T (a.u.)

N

vt > =E, (21)

FIG. 14. Atomic charge for the same clusters as in Fig. 13 but as =1 ij
a function of pulse lengtf with moving nuclei. N R
wherer;;(t)=|r;(t)—r;(t)|, M is the atomic mass, ang is
the respective atomic velocities. As a further approximation
we assume that the expansion takes place in a homogenous
and isotropic way, so that it can be described by a common
whereE,, denotes the binding energy. The probability that noexpansmn parametai(t) with ri(t) = (0)r;(0). Defining
electron has been ionized in a cluster consistindNafuch
atoms is given by

Pneutra(t)=exp< - fotW(f(t’),Eb)dt’) , (18)

Noq
Koi=>, E|v|ri2(0),
=1

Phetialt) =[Preura()]", (19 (Zinal/N)?
cluster,

. _ rii(0)
The exponential dependence binrendersP o (t) practi- 1(0)

cally a step function. Hence, the exact valbetween 0 and g taking into account that the kinetic energy is zero before

from Presial To) =1/2, which is tantamount to demanding g
that on average 50% of the atoms in the cluster are singly
ionized atT,,. L, a? a?

The second phase contains the cluster expansion up to the Ko (1) + WVO:WVO' (23
critical time T*, when the critical cluster distand®* is
reached. Hence, the critical time is the sumTgfand the Finally, Eq.(23) may be rearranged as a differential equation
expansion timeTl o, for A (t),

VO::
(i#n=1

(22

1/2

dA(t) ’ (24

T*=To+ Texp- (20 -
dt

=

1 )vo
OIS

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

Kol
Teo= \y, gL A =D+ IGA=T+ )]

__[Kog(N)
= V—OT (25)

The ratioK/V, determines the time scale for the expansion
of the cluster. By replacing;;(0), thedistance between two
ions inV,, with the average internuclear distarReccord-

ing to Eq.(11) (which would be an exact approximation if all
ions were placed on the surface of the clustere can esti-
mate how this time scale depends on the characteristic vari-
ables of a cluster:

TO t T

FIG. 15. Sketch of phases I, I, and Il during the pulsee texkt
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800 | \ ; ear fit to the data yieldex=0.38 anda=0.37 for energy
normalized pulses & ,=0.16 andF,=0.25, respectively.
700 } The correlation coefficient is in both cases higher than 0.99.
Hence, « is the same for different clusters, and it is even
600 | almost the same for different energy normalizations of the
laser pulse. This result posteriorijustifies the approxima-
ﬁ? 500 tions we have made in establishing our expansion model.
The fact thate remains almost the same on changing the
400 pulse normalization is certainly an unexpected result; it is
probably valid only for a limited range of pulse energy con-
300 tents, if one thinks ofx as a measure for the efficiency of
ENIO. At least in the limit of a very large pulse energy, when
200 : : the electric field of the laser is larger than the electric field
500 1000 1500 2000

from the charges in the cluster, we expect the ENIO mecha-
(Ko/Vo)2g(X) nism to play no important role any more, since the cluster
geometry will be washed out. However, the good agreement
of the linear fit in Fig. 16 with our numerical data for each of

malizations were used:F,—0.16 au. (solid ling and F, the two normalizations sgparately points to a deeper scal_ing
~0.25 a.u.(dashed ling both at a frequency ab=0.055 a.u. and relation between the various clusters, the reason for which

a pulse length ol =55 fs. Anrg (@), Aryg (O), Arys (), Argg (O), will be explored in future work.
Krig (*), and Xgg (X).

FIG. 16. Expansion timgnumerical data as a function of
(Ko/Vo)¥%g(\) and linear fits(see text Two different energy nor-

VI. SUMMARY AND CONCLUSION

K°o< MR® (26) We have developed a quasiclassical model for a small
Vo (N— 1)(Zina/N)? : rare-gas cluster in strong laser fields. This model allows us to
investigate not only the influence of several parameters, such
From this equation we can read off how the expansion proas the atomic element and the cluster size, but also the char-
cess changes when the number of atohss changed while ~ acteristics of the applied laser field. We have shown that, as
keeping all other parameters fixed: o= 4/37r2 is the @ function of pulse length, the energy absorption as well as
volume of one atom inside the cluster, th@& =Nr3.  the ionization yield of all but the Ne clusters show a clear
Hence, the time scale of the expansion is governed by thE1&imum when the energy content of the pulse is kept fixed.
factor N/(N—1), which depends only weakly dX. This behawo_r has been at.trlbuted to the eX|§t¢nce of a criti-
cal average internuclear distanRé&, whose origin could be
explained by generalizing the CREI or ENIO concept from
diatomic molecules to small rare-gas clusters. It was shown
Using Eq.(25 we are able to set up a relation betweenthat this mechanism is stable against a change of system
the optimal pulse lengths for various clusters if we make ongarameters, even when switching from linear to circular po-
last assumption: the factak, which determines the ratio larization. This is a pronounced difference between clusters
between the average atomic cha#elriving the expansion and molecules.
up to R* and the final charge per atom after the pulse Finally, we were able to condense the absorption and ex-
Zana/N, is identical for all clusters. If this hypothesis was pansion process into a simple model and obtained an analyti-
true, then I « would be a universal measure for the effi- cal expression connecting the expansion time and the cluster
ciency of the ENIO mechanism. properties. The validity of this expression has been con-
If « is the same for all clusters, we get from E@5)  firmed by our numerical data.
a linear relation between the expansion tirfig,, and
g()\)_(To/VO)l’Z, _dlfferent for each cluster. Thls_pred_lctlon is ACKNOWLEDGMENTS
confirmed by Fig. 16 that shows the expansion tirigg,
=T*/2—T, as a function of the cluster-dependent values of We would like to thank UIf Saalmann for helpful discus-
(Ko/Vo)Y2g(N\) for different clusters. We have obtainad  sions and the DFG for financial support within the Gerhard
from the respective static calculations for each cluster. A lin-Hess program.
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