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Abstract

Multiple ionization of large clusters when they are irradiated by an intense ultrashort laser pulse is investigated.
Different mechanisms, responsible for cluster ionization, are investigated. It is found that the ionization of large clusters,
irradiated by a strong intense ultrashort laser pulse, is realized by means of the surface thermoemission.
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1. INTRODUCTION

The exposure of large clusters comprising several thou-
sand atoms or molecules to the field of a short intense
laser pulse~;100 fs long or some 30 periods of laser
field! produces highly excited matter~Sullivanet al., 1996;
Boehly et al., 1997!. The heating of conduction electrons
in the case of metal clusters or primary ionized electrons
in the case of clusters of inert gas atoms on the one hand
and the absence of a fast heat sink mechanism like that in
an ordinary plasma on the hand allow the achievement of
a state of much greater excitation of the electron subsys-
tem as compared with the excitation of isolated atoms and
molecules. In this case, atomic ions remain practically un-
heated. Following the fast initial multiple ionization, for
the rest of the duration of the laser pulse, the matter of the
cluster ion is an ideal plasma composed of electrons and
multiple charged atomic ions.

There are different mechanisms of expansion pertaining
to clusters of noble gases when exposed to a laser pulse
~Leziuset al., 1998!. The energy distribution of electrons in
the exploding cluster includes electrons with kinetic ener-
gies up to 30 keV, which is several orders of magnitude
greater than the energies observed in the case of above-
threshold ionization of individual atoms or molecules~De-
lone & Krainov, 2000!.

Experimental results are adequately explained by a theo-
retical model that regards the cluster as a small plasma
sphere. The cluster is ionized by the laser field and internal
collisions and then starts to expand. As the cluster expands,
the electron concentration decreases and at the some point in
time the frequency of the laser field comes into resonance
with the frequency of the surface Mie resonance. This leads
to a rapid transfer of electromagnetic~EM! energy to the
electrons, causing a sharp peak in the electron temperature.
At this instant the atomic ions of the cluster are vigorously
stripped to high charge numbers by the hot electrons and the
cluster explodes. Such collective phenomena are very im-
portant in the case of a cluster, while being absent in the
event of the interaction of a laser field with individual atoms.

We consider here the models of the cluster plasma, which
allows us to analyze properties of this system in the process
of the production of the dense plasma by a laser pulse. These
models describe the heating of the cluster when the average
electron energy~i.e., electron temperatureT ! increases to a
few kiloelectron volts and tens of kiloelectron volts, and the
collision processes dominate. The electron–electron colli-
sions establish the Maxwell distribution with an electron
temperatureT that grows with time. Depending on the laser
intensity, the classical thermal electron energy 3T02 can be
larger or smaller than the average ponderomotive electron
energyUp 5 F 204v2, whereF and v are the laser field
strength amplitude and laser frequency, respectively. Here
and below the atomic system of unitse5me5\51 is used.
The electron temperatureT increases until the cluster ion
begins significantly to expand.
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Besides the heating, some electrons are ejected from the
cluster by the laser field by means of the thermal evapora-
tion from the surface of the cluster and by other ways~see
below!. Accordingly, the chargeZ ' of the cluster ion in-
creases with time during the laser pulse. We find a simple
relation between the growth of the electron temperatureT
and the cluster ion chargeZ '.

Simple estimates confirm that the cluster plasma is ideal.
The condition for being an ideal plasma isNZ3 ,, T 3, where
N is the concentration of atoms in the cluster,Z is the mean
charge of the typical multicharged atomic ion inside the
cluster, andT is the electron temperature.

This work is organized in three sections. In Section 2 the
different ionization mechanisms are studied and in Section 3
a summary and conclusion is presented.

2. IONIZATION OF CLUSTERS

2.1. Internal ionization

For our analysis, we take a cluster consisting ofn 5 105

atoms. The kind of atoms is really unimportant at the irradi-
ation by intense laser pulse. Let us choose Na atoms~Z511!
and a linearly polarized laser pulse with the peak field in-
tensity ofI 51015 Wcm22, light frequencyv 51 eV, and the
pulse durationt 5 50 fs. Such a cluster has the radiusR5
1003 1028 cm.

At first, the laser pulse induces a dipole excitation that
causes the center of mass of the valance electron cloud to
oscillate about the ionic background. The oscillations are
dominated by the Mie surface plasmon whose period for Na
clusters is about 1.5 fs. However, very soon these collective
oscillations get perturbed because of the cluster atoms ion-
ozation. The latter process is analogous to Landau damping,
that is, the attenuation of the plasmon in an electron gas. A
typical relaxation time due to Landau damping is 10 fs,
roughly valid for clusters withn550–1000 atoms. It shrinks
again;n2103 for very large values ofn.

We shall assume that the collisions inside the cluster are
high enough that no thermal or other gradients exist within
the cluster. The electron temperature of the cluster is high
during the laser pulse, of the order ofT51 keV and uniform
due to high thermal conductivity; the electron distribution is
isotropie and described by a classical Maxwell distribution.
Here,vT 5!T is the electron thermal velocity andvF 5F0w
is the field velocity. The Maxwell distribution is valid in the
region of a weak laser fieldvT . !ZvF and in the region
vF . ZvT of a very strong laser field~Chichkovet al., 1992!.

The heating of an electron subsystem occurs mainly due
to the elastic electron–ion collisions~inverse bremsstrah-
lung! and because of other processes as well. We will see
that the atoms in the cluster are fully ionized under such
conditions due to the inelastic electron–ion collisions. Then,
the electron concentration isNe 5 ZN where the atomic
concentration for liquid Na metal isN 5 2.4431022 cm23.

The thermal equilibrium is realized because timetee of
electron–electron collisions is small compared to the dura-
tiont of the laser pulse. This time can be estimated as~Silin,
1965!

tee5
3T 302

4M2pNe ln L
; 1 fs. ~1!

Here, lnL ; 10 is the typical value of the Coulomb
logarithm. These collisions provide a further damping
mechanism that drives the electron cloud toward thermal
equilibrium.

We can assume that the cluster is a small plasma sphere.
Such an assumption is reasonable as long as the cluster
radiusR is large compared with the Debye radiusrD, that is,
R .. rD, where the Debye screening length atT 5 1 keV is

rD 5 ! T

4pNe

5 4.53 1028 cm. ~2!

Let us first consider the internal ionization, that is, the
process when electrons are removed from their host atoms
but remain bound to the cluster. In the clusters, the inner
ionization is produced by inelastic electron–ion collisions.
The equilibrium concentrationNZ of different atomic ions
with the chargeZ is given by the statistical Saha equation
~when the equilibrium is established only by collisions; Lan-
dau & Lifshitz, 1982!:

NZ Ne

NZ21

5 2S T

2p
D302

expS2
EZ21

T
D. ~3!

Here,EZ21 is the ionization potential for the atomic ion with
the chargeZ 2 1.

The condition of the total ionization of all atomic shells
can be approximated in the formNZ 5 NZ21 5 N02, whereZ
is now the nuclear charge~Z 5 11 in the case of sodium
atoms!. Then, the hydrogen-like ionization potentialEZ21'
Z202, and the condition of total ionization of an atom is of
the form~Ne 5 ZN!

ZN 5 2S T *

2p
D302

expS Z2

2T *
D. ~4!

In the case of Na atoms, we obtain from this equation
T *50.34 keV. Hence, at the electron temperatureT51 keV,
we have bare Na nuclei and electrons only. Here,T * is the
temperature required for complete internal ionization. In
addition to the inelastic electron–ion collisions, the internal
ionization may also be produced due to the above-barrier
ionization of atomic ions inside the cluster by an intense
laser pulse~see below!.

The results for the production of highly charged atomic
states~e.g., Xe201, Kr81! resulting from the interaction of
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intense laser fields~up to;1015 Wcm22! with atomic clus-
ters are given~Synderet al., 1996!.

2.2. Ionization at the inelastic electron–ion
collisions

Total internal ionization inside the cluster considered in the
previous subsection requires some time for its realization.
This time should be less than the duration of the ultrashort
laser pulse. Let us make in this subsection some estimates.
The multiple ionization occurs due to the inelastic collisions
of hot electrons with multicharged ions. The cross section
for this process is given by the well-known simple semi-
empirical Lotz formula~Landau & Lifshitz, 1984!:

s 5 2.17q
ln~E0EZ!

E{EZ

. ~5!

Here,E is the kinetic energy of the incident electron,Ez is
the ionization potential of the atomic ion, andq is the num-
ber of electrons in the atomic shell being ionized. We use
further the value ofEz5Z202 for hydrogen-like ions. Hence,
the rate of the process in question is obtained from Eq.~5! in
the form

w 5 Nevs 5
17.34N

vZ
ln
v

Z
. ~6!

Here, v is the velocity of the incident electron,Ne is the
electron concentration, andN is the concentration of atoms
in the cluster~i.e., of bare nuclei in the considered case of
the total ionization!. The electron velocity has two compo-
nents: the thermal velocity!T and the induced field veloc-
ity F0v. In more typical case!T . F0v, we should average
Eq. ~6! over a Maxwell distribution. AssumingT ,, Z202,
we find

w 5 13.8
NMT

Z
expS2

Z2

2T
D. ~7!

In the opposite limit!T , F0v, we can simply substitute
v5 F0v into Eq.~6!:

w 5
17.34vN

FZ
ln

F

vZ
. ~8!

Naturally, we assumed here that the impact ionization takes
place in the vicinity of the maximum of the alternating field
strengthF cosvt. It should be noted that in this limit, the
ionization has a threshold, and the conditionF0v . Zshould
be fulfilled. This condition is stronger than the above con-
dition F0v . !Z.

In the above example ofT51 keV, laser intensityI 51015

Wcm22 ~the field strengthF 5 0.166 a.u.!, laser frequency
v51 eV, we find that the ratiov!T0F51.35. But the value

of F0v 5 4.5 , Z 5 11; hence, below a threshold we have
the only mechanism of thermal ionization which is deter-
mined by Eq.~7!. For total ionization of the Na cluster from
Eq. ~7! we getw 5 0.22 fs21. Thus, electron–ion collisions
occur very often during the ultrashort laser pulse.

2.3. Penetration of the laser field inside the cluster

The electromagnetic field of the laser radiation penetrates
through the cluster and is damped within it. The depth of
penetrationd, connected with the excitation of plasma os-
cillations, can be identified with the imaginary part of the
wavelength inside the cluster~Krainov, 2000!:

d 5
c

vM6« 6 , ~9!

where the dielectric permittivity is

« 5 12
4pZN

v2 , 0. ~10!

In our case of the Na cluster for the visible light we have
6«65 370 andd 510031028 cm, implying that this part of
damping of the laser radiation within the cluster is small. We
conclude that plasma oscillations cannot be excited as a rule
~except for resonance conditions!.

Another part of the damping is connected with the
electron–ion collisions. Int approximation, the stationary
kinetic equation for this process is of the form~atv ,, nei!

F cosvt
df0
dvx

5 2nei f
'. ~11!

Here,f ' is the small perturbation to the equilibrium Max-
well distribution functionf0 for electrons, andF andv are
the laser field strength amplitude and laser frequency, re-
spectively. We have directed the field strengthF along the
axis x ~the laser radiation is assumed to be linearly polar-
ized!. The ratene of the elastic electron–ion collisions is of
the well-known form~Landau & Lifshitz, 1982; see also
Eq. ~1!!

nei 5
4M2pZ2N

3T 302 ln L 5 2.5 fs21. ~12!

It is seen that this quantity is on order of the laser frequency
v ; 2 fs21.

It should be noted that this well-known expression is valid
for rapid electrons~T .. Z2!. In the case of slow electrons
~T ,, Z2!, the situation is more complex~Silin, 1965!. This
expression is valid under the conditionZv ,, T 302 only. It
corresponds to the scattering of electrons on small angles. In
the opposite case,Zv .. T 302, the rate of electron–ion col-
lisions depends on the laser frequency:
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nei 5
4p302N

15.3506M2T

G~103!

G~203!
S2Z2

v
D203

. ~13!

In this limit, the scattering of electrons on large angles is
important, and therefore the Coulomb logarithm is absent.

We derive first the averaged energy that an electron ob-
tains from the laser field per unit time at the conditionv ,,
nei:

dE

dt
5 ^vx F cosvt & 5

1

2
F 2 K vxnei

df0
dvx

L . ~14!

We substituted herêcos2 vt & 5 102. Deriving the simple
integral with the Maxwell distributionf0, we find the power
densityPa5NedE0dtabsorbed per unit of the plasma volume:

Pa 5
F 2

Z ln L
S2T

p
D302

. ~15!

The intensity of the laser radiationI 5 cF208p decreases
with the depthz of its penetration inside the cluster. The
corresponding equation is of the form

dI

dz
5 2Pa 5 2

8p

cZ ln L
S2T

p
D302

I. ~16!

Its solution is

I ~z! 5 I0 exp~2z0l !, ~17!

where the depthl of penetration of laser radiation inside the
cluster is

l 5
cZ ln L

8p
S p

2T
D302

. ~18!

In the case of an Na cluster and a temperature ofT51 keV,
this depth isl 5 1.73 1028 cm. This quantity is very small
compared to the cluster radiusR.

In the opposite limit,v .. nei, the power density that is
absorbed within the cluster per unit of the plasma volume is
given by the well-known relation of the induced bremsstrah-
lung at the electron–ion collisions~Fedorov, 1997!:

Pa 5
F 2

v2 nei Ne 5 I
32pM2pZ3N2

3cv2T 302 ln L. ~19!

It should be noted that the quantityF 20v2 is the energy that
an electron obtains from the electromagnetic field at each
collision with an ion. In this case, the penetration length of
laser radiation inside the cluster is

l ' 5
3cv2T 302

32pM2pZ3N2 ln L
5 1.53 1028 cm. ~20!

Thus, it is seen that in both limits,v ,, nei andv .. nei, the
penetration length of laser radiation is very small compared

to the size of the cluster. These results are valid only for
homogeneous cluster plasma.

Multiple internal ionization can also be produced by the
conduction electrons near the surface of the cluster which
from the electromagnetic field, obtain the energy of order of
the ponderomotive energyUp5F 204v2. This mechanism is
effective in the case of long wavelength laser radiation
~LaGattuta, 1998!. Hence, we can conclude that the laser
radiation does not penetrate deep inside the cluster and is
absorbed in a thin layer on the surface of the cluster. Of
course, most of the laser radiation is reflected from the
cluster. Absorption is caused by the effective electron–ion
collisions.

2.4. External ionization

Let us now consider the ionization of the cluster, that is, the
removal of electrons to infinity with the formation of a
cluster ion. In the case of the metallic clusters there are
conduction electrons inside the cluster. The first mechanism
is the field~cold! ionization of electrons from the surface of
the cluster. This process ends when the attraction of an
electron to the cluster ion will be stronger than the force
from the external laser field. Thus, we find, according to the
Coulomb law,

Z ' 5 FR2. ~21!

Here,Z ' is the charge of the cluster ion. In the case of laser
intensity I 5 1015 W0cm2 ~field strengthF 5 8.5 3 108

Vcm21! andR5 21531028 cm, we findZ ' 5 27,200. The
number of electrons released by means of this mechanism is
very small compared with total number of electrons in the
hot sodium cluster~the latter isZn51.13107!. The mech-
anism of a Xe cluster ionization withN 5 1100 atoms in a
laser field of 1016 Wcm22 was studied in a one-electron,
one-dimensional approximation~Last & Jortner, 1998!. The
initial above-barrier ionization is realized up to the total
charge ofZ ' 5 1200. Then, another ionization mechanism
has to be responsible for the further loss of electrons. The
equilibrium state of the resulting cluster ion may be re-
garded as a conducting sphere whose charge is located in a
thin surface layer. The strong Coulomb field in this layer
knocks out additional electrons from the atomic ions toward
the cluster center. These electrons are accelerated to a high
velocity and then leave the cluster. TheZ '52600 ionization
becomes possible. This is the so-called ignition mechanism
of ionization~Rose-Petrucket al., 1997!. For example, the
field at the surface of a cluster of 25 Ne atoms when all of
the atoms are singly ionized is on the order ofF 5 531012

Vcm21. This large field lowers the ionization barrier and
enables subsequent ionization events to occur, which in turn
further increases the field and lowers the ionization barrier.
Hence, the fields created by the initial events “ignite” the
cluster to undergo further ionization.
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In the case of an inert gas cluster, the situation is rather
similar to that of the metallic clusters. Of course, no con-
duction electrons exist within the cluster before the laser
pulse. But the barrier-suppression ionization of the rare gas
atoms occurs quickly at the surface of the cluster. The Bethe
condition for this ionization is~Bethe & Salpeter, 1977;
Brunner, 1997!

F .
EZ

2

4
, ~22!

whereEz is the atomic ionization potential of an atomic ion
andZ is the charge of this ion. For example, for Ne atoms
~Z 5 10!, we findE1 5 21.5 eV, and single ionization of all
atoms in the cluster takes place when the field strength
reachesF 5 8.03108 Vcm21. Hence, such ionization takes
place very quickly~during the atomic time;0.01 fs!. How-
ever, according to Eq.~22!, the barrier-suppression ioniza-
tion of the resulting Ne1 ion by such a field is impossible,
because the ionization potential of this ion isE1 5 41.0 eV,
and the required field strength should beF 5 1.5 3 109

Vcm21. Of course, the tunneling ionization is possible in the
latter case, but it takes a very long time.

According to Eqs.~21! and ~22! we find the external
ionization degreeZ' of the cluster through the ignition mech-
anism. Eliminating the field strengthF from these, one can
find relations:

Z ' 5 ~REZ!204Z. ~23!

In the example of the Xe cluster with 1000 atoms, we obtain
R5 2531028 cm and for total double ionization of the Xe
atoms we haveZ ' 5 330.

The next mechanism for the electron emission from the
surface of the cluster is the usual thermoemission. We use
the well-known Richardson–Dushman formula for the cur-
rent density of the thermoemission from the spherical sur-
face of the cluster~Neuman, 1987; Hoyax, 1968! in atomic
units:

dZ'

dt
5 A0T 24pR2 expS2

JZ '

T
D. ~24!

Here,A0 5 102p2 is the Richardson parameter. The quan-
tity JZ ' 5 Z '0R is the ionization potential for the cluster ion
with the chargeZ ' .. 1, when the work function may be
disregarded.

Integrating Eq.~24! over the laser pulset 5 50 fs, we
obtain the final chargeZ ' of the cluster ion~JZ ' .. T !:

Z ' 5 RT ln~2TRt0p! .. RT. ~25!

In the above case of the Na cluster, we findZ ' 5 240,000.
Thus, the thermoemission is a much more effective way to
ionize clusters than the field~cold! ionization. With a field

intensity I 5 1015 Wcm22, we find that nearly 270,000
electrons are ejected from the Na cluster with 106 atoms
~1.1 3 107 electrons! during the laser pulse. This shows
that the ionization degree of the cluster is very low.

3. SUMMARY AND CONCLUSION

The present article deals with the large clusters exposed to
intense ultrashort laser pulses. The cluster is excited be-
cause of the interaction of the electron subsystem with the
field of the laser pulse. Both experimental and theoretical
studies of the evolution of clusters exposed to the intense
ultrashort laser pulse are currently still at their initial stage.

Experimental results are adequately explained by a theo-
retical model that considers the cluster as a small plasma
sphere. The cluster is ionized by the laser field and internal
collisions, and then starts to expand. As the cluster ex-
pands, the electron concentration decreases, and at a special
time the frequency of the laser field comes into resonance
with the frequency of the surface Mie resonance. This leads
to a rapid transfer of EM energy to the electrons, causing a
sharp peak in the electron temperature. At this moment, the
atomic ions of the cluster are stripped to high charge num-
bers by the hot electrons and the cluster explodes. Such
collective phenomena are very important in the case of a
cluster, while being absent in the event of the interaction of
a laser field with individual atoms.

The laser field does not penetrate into the cluster, being
absorbed on its surface. When the cluster explodes, how-
ever, its density is much reduced and more of the laser
radiation gets into the cluster. This leads to additional inter-
nal ionization in the expanding cluster. The explosion re-
veals the shell structure of the clusters, so the separate layers
of the cluster explode in succession. The first ions have
rather large kinetic energies because of Coulomb repulsion
and the efficient energy transfer from hot electrons to the
outer layer of the cluster.

Different mechanisms, responsible for cluster ionization,
were investigated. It was found that the ionization of large
clusters, irradiated by a strong intense ultrashort laser pulse,
is realized by means of the surface thermoemission. Further-
more, it was proved that the degree of ionization is low.
Moreover, electron evaporation from the hot cluster surface
was treated by the well-known Richardson formula, disre-
garding the cluster charging in the course of evaporation. In
addition, the role of the cluster ion surface in the electron
heating was studied and it was shown that elastic reflection
of electrons takes place due to the large charge of the cluster
ion, caused by the strong external ionization. Further analy-
sis showed that the plasma oscillation cannot be excited as a
rule except for resonance conditions. Moreover, taking into
account ionization mechanisms, it was concluded that the
laser radiation does not penetrate deep inside the cluster due
to the strong absorption at its surface in a thin layer. This
means that electrons absorb the electromagnetic energy in
the course of the elastic collisions with ions.
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