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Inner and outer multiple ionization of clusters by a superintense ultrashort laser pulse is studied. The
barrier-suppression mechanism governs inner field ionization in this case, while impact ionization can be
neglected. Outer ionization produces a static Coulomb field inside the ionized cluster. This field increases the
charge multiplicity of the atomic ions produced inside the cluster approximately by a factor of 1.5. Various
models are suggested for the charge distribution inside the cluster.
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I. INTRODUCTION

A specific hot plasma is produced in the irradiation of
cluster beams by superintense femtosecond laser pulses. Un-
der typical experimental conditions, a large cluster contains
103–107 atoms. Laser pulses with the intensity in the range
1016–1019 W/cm2 and durations of 30–100 fs are consid-
ered here(these laser parameters are realized in many experi-
ments[1–6]). The local solid number density of atoms inside
the cluster is in the range 1022–1023 cm–3, while the average
gaseous number density of these atoms inside the cluster
beam is in the range 1018–1019 cm–3. This large difference
between the local and the average number density leads to
different behavior of cluster targets and solid targets. In con-
trast to solid targets, the laser pulse is not reflected by the
cluster beam, and it penetrates freely through each cluster
[7–9]. On the other hand, the local solid number density of
the clusters provides a high initial number density of the
forming plasma.

These peculiarities of cluster beams are of importance for
applications of superintense laser pulses. Cluster targets pro-
vide effective x-ray generation[3,4,6,10], unlike gaseous tar-
gets. The conversion efficiency of laser energy into x-ray
radiation [11] reaches several percent[5,12]. The cluster
plasma contains multicharged atomic ions, and the energy of
the released ions may be as high as 1 MeV[13–15]. The
energy spectrum of the atomic ions has a nonthermal form; it
is characterized by a sharp cutoff at high energies.

The theoretical analysis of the interaction between an in-
tense laser pulse and a cluster beam allows us to understand
various aspects of the behavior of a cluster plasma. This
interaction is accompanied by strong inner and outer ioniza-
tion of the clusters. The barrier-suppression mechanism of
ionization is realized(see Refs.[16–18]). Some fraction of
the released electrons leaves the cluster, which acquires a
positive chargeQ. The subsequent redistribution of the
charge inside the cluster leads to the formation of a self-
consistent static electric field. This field causes additional
ionization of the atomic ions; this ionization is most efficient
at the cluster surface in the direction of the laser polarization.
As a result, multicharged atomic ions with chargeZ
=12–36 are produced[19,20]. On the other hand, additional

ionization of small clusters(size ,10 Å) is determined by
collisions between neighboring atomic ions and electrons
[21].

The ionized clusters are unstable. The cluster size in-
creases due to Coulomb and hydrodynamic expansion; the
clusters are transformed into a uniform plasma within
1–50 ps. The cluster expansion occurs after the end of the
laser pulse. The role of impact ionization is small since the
electron number density quickly drops during the cluster ex-
plosion. The skin depth is of the order of several hundred
angstroms, so that it exceeds the cluster size(even a cluster
consisting of 106 Xe atoms has a radius,250 Å [16]).

A model of cluster ionization that explains the high charge
of the atomic ions produced is developed. This charge is
determined both by barrier-suppression ionization of the at-
oms and by the self-consistent static electric field. Within the
framework of this model we find the key parameter that is
responsible for the enhancement of ionization.

II. MECHANISMS OF INNER IONIZATION

Two mechanisms for the laser-cluster interaction can be of
importance. The first one is impact ionization. We use the
Lotz formula [22] to estimate the contribution to electron
production from this mechanism(atomic units are used as a
rule in this section,e=me="=1),

s = 2.17f i
lnsEe/JZd

EeJZ
a.u., Ee . JZ. s1d

Here Ee is the kinetic energy of the incident electron,JZ is
the ionization potential of an atomic ion with the charge
multiplicity Z, and f i is the number of electrons in the va-
lence shell. The rate of impact ionization is

w = knesÎ2Eel, s2d

wherene is the electron number density in the cluster and the
bracketsk¯l denote an average over the electron velocity
distribution. We assume that the electron number density is
constant inside the cluster and zero outside the cluster.

Electrons with energiesEe=ve
2/2.Q/R (R is the cluster

radius) leave the cluster; therefore the velocity distribution of

PHYSICAL REVIEW A 69, 043201(2004)

1050-2947/2004/69(4)/043201(6)/$22.50 ©2004 The American Physical Society69 043201-1



the electrons inside the cluster can be written in the form

fsved =5
3

4p
S R

2Q
D3/2

, ve
2 ,

2Q

R

0, ve
2 .

2Q

R
.

s3d

HereQ is the total charge of the ionized cluster. This func-
tion is normalized by the condition

E fsveddve = 1. s4d

Substituting Eq.s3d into Eq. s2d, one obtains

w = 4.60ÎR

Q

fine

JZ
lnS Q

RJZ
D a.u. s5d

As an example, we consider an ionized Xe cluster con-
sisting of the atomic ions Xe12+; the ionization potential of
the cluster isQ/R=20 keV (see Table I). The electron num-
ber density isne<Zni =231023 cm−3. It follows from Eq.
(5) that w=0.04 fs−1, i.e., total ionization is reached during
the laser pulse.

The second ionization mechanism is produced by the laser
field and the self-consistent electric field. This mechanism is
described within the frame of barrier-suppression ionization
[23]: a valence electron is liberated when the effective po-
tential barrier disappears and this electron escapes to infinity.
Barrier-suppression ionization dominates for laser intensities

higher than 1016 W/cm2 for ground states of atoms[24]. The
threshold electric field strengthF for this process is given by
the Bethe formula[23]

Fth =
JZ

2

4Z
. s6d

Additional electric fields appear inside the ionized cluster.
There are three kinds of such fields. First, adjacent atomic
ions and electrons interact with a test atomic ion. The second
type results from collective electron oscillations inside the
cluster. Finally, the self-consistent electric field produced by
the cluster charge should be taken into account.

The electric-field strength generated by neighboring
charged particles can be estimated asFn,dZ/ rW

2 =QrW/R3,
wheredZ is the average number of electrons per atomic ion
that leave the cluster, andrW=N/R1/3 is the Wigner-Seitz
radius,N is the number of atoms in the cluster. A typical
value of the self-consistent electric-field strength isFS
,Q/R2. The ratio Fn/FS is of the order of,N−1/3!1.
Hence, one can neglect the fieldFn.

A dynamic electric field results from oscillations of the
free electrons inside the cluster driven by the laser field. The
vector potentialA produced by the electron oscillations is
determined by the formula

Asr d =
1

c
E vsr 8drsr8d

ur − r 8u
dr 8.

The dynamic electric field strength is

uFdu = U 1

c2

]

] t
E vsr 8drsr8d

ur − r 8u
dr 8U ,

v̇aQe

c2R
. s7d

HereQe=NZ−Q is the number of electrons inside the clus-
ter. The local electron velocityvsr d has been replaced by the
average electron velocityva. The average electron accelera-
tion in the cluster can be estimated as

v̇a , av2, s8d

wherea is the displacement of the electron number density
under the action of the laser field. This value is of the order
of a,F /vp

2 svp is the plasma frequencyd f25g. Substituting
Eq. s8d into Eq. s7d, one obtains

Fd

F
, SR

l
D2

! 1.

Herel is the laser wavelength. Thus, the dynamic field and
the field from adjacent atomic ions and electrons can be ne-
glected. However, the Coulomb-barrier lowering due to
neighboring ions can reduce the number of photons required
to remove further electrons. Estimations show that this effect
is also small. The additional field inside the cluster is pro-
duced mainly by the self-consistent electric field of the ion-
ized cluster.

The field inside the cluster is diminished in comparison to
the external laser field byvp/v times, since the laser fre-
quencyv is less than the plasma frequencyvp. But this fact
does not change above conclusions.

TABLE I. Ionization potentialsJZ of Xe ions [26] and their

approximated valuesJZ̄ [Eq. (12)].

Z JZ seVd JZ̄ Z JZ seVd JZ̄

1 12.1 1.6 2 21.21 6.2

3 32.1 14.0 4 46.7 24.8

5 59.7 38.8 6 71.8 55.8

7 92.1 76 8 105.9 100

9 171 125 10 202 155

11 233 188 12 263 223

13 294 262 14 325 303

15 358 349 16 390 397

17 421 448 18 452 502

19 549 560 20 583 620

21 618 684 22 651 750

23 701 820 24 737 893

25 819 969 26 897 1050

27 1385 1130 28 1491 1215

29 1587 1303 30 1684 1395

31 1781 1489 32 1877 1590

33 1987 1690 34 2085 1790

35 2211 1900 36 2302 2010

37 2554 2120 38 2639 2240

39 2728 2360 40 2812 2480
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III. CHARGE DISTRIBUTIONS OF ATOMIC IONS
IN THE CLUSTER

We have found that the charge multiplicity of atomic ions
inside the cluster is determined by the superposition of the
laser fieldFstd and the Coulomb electric fieldFSsrd inside
the ionized cluster. The Poisson equation for the total electric
field FSsrd+Fstd inside the cluster can be written in the form

divfFSsrd + Fstdg = divFSsrd = 4pfniZsrd − nesrdg. s9d

Hereni is the initial number density of the atomic ions,Zsrd
is the charge of the atomic ions produced at a distancer from
the cluster center, andnesrd is the number density of the free
electrons in the cluster. Since the laser wavelengthl is much
larger than the cluster sizeR, the laser field strengthFstd
does not change inside the cluster. Therefore one can ignore
the spatial dependence for the laser fieldFstd in Eq. s9d.
According to the Bethe formulaf23g for barrier-suppression
ionization, the connection between the charge multiplicity
Zsrd of the atomic ion and the electric-field strengthFSsrd is
given by

F cosu cosvt + FSsrd =
JZ

2

4Z
. s10d

Here JZ is the ionization potential of an atomic ion with
charge multiplicityZ, v is the laser frequency, andu is the
angle between the laser field strength and the radius–vector
r . Liberation of electrons proceeds when the laser field
reaches its maximum and occurs faster than the laser field
period. Therefore we can replace the current laser field
strengthFstdcosvt by its amplitudeFstd in Eq. s10d. First
we assume that the superposition of these two fields is
independent of the angle between their directions. Below
we demonstrate that this assumption does not change re-
sults. It follows from Eq.s10d,

Fstd + FSsrd =
JZ

2

4Z
. s11d

In the case of heavy atoms, the ionization potentialJZ of the
atomic ion can be approximated by the formula

JZ = 0.057Z2 a.u., Z . 5. s12d

A comparison of this formula with experimental values of
the ionization potentials has been carried out in Table I. Sub-
stituting Eqs.s12d and s11d into Eq. s9d, we get finally

1

r2

d

dr
Fr2SZ3srd

1230
− FDG = 4pfniZsrd − nesrdg. s13d

The boundary condition is of the formFSs0d=0: the self-
consistent field strength is zero at the cluster center. Equa-
tion s13d includes the dependence of the electron number
densityne on the distancer from the cluster center.

We now consider several possible distributionsnesrd and
solve Eq.(13) for these cases. The simplest version takes the
radial distribution of the electron number densitynesrd in the

form nesrd=n0eZsrd, whereZsrd and n0e are an ion charge
and a constant. The chargeQ of the ionized cluster and the
constantn0e are related by

Q = sni − n0edE
0

R

Zsrd4pr2dr, s14d

whereR is the cluster radius. Taking into account Eq.s14d,
we rewrite Eq.s13d for Zsrd in the form

1

r2

d

dr
Fr2SZ3srd

1230
− FDG =

ZsrdQ

E
0

R

Zsr8dr28dr8

. s15d

Let us introduce the dimensionless variables

y =
Zsrd
Zs0d

and x =
r

R
, s16d

where Zs0d=10.71F1/3 is the charge of the atomic ion in
the absence of the self-consistent electric fieldFS. Then
Eq. s15d is reduced to

1

x2

d

dx
hx2fy3sxd − 1gj =

kysxd

E
0

1

ysudu2du

,

ys0d = 1, k ;
Q

FR2 .

The solutionysx,kd of Eq. (17) depends only on the one-
dimensionless parameterk. This parameter is the ratio of the
external laser field strengthF over the self-consistent field
strengthFS. The solution may be approximated also analyti-
cally, if ysxd is expanded in a Taylor series for 0,x,1:

ysxd = 1 +ax− bx2,

a = 2
3sÎ1 + k − 1d,

b = 1
9s2 + k − 2Î1 + kd.

It is seen that this expansion is valid under the conditionb
!a. For example, in the case of the Bethe approximation for
outer ionization we havek=4 [16]. Then it follows from Eq.
(18),

ysxd = 1 + 0.824x − 0.170x2. s19d

In Fig. 1 we present the numerical solution of Eq.s17d for
k=4 sthick solid lined and its approximation by formulas19d
sdotted lined. It is seen that both solutions practically coin-
cide. In particular, according to Eq.s19d, ys1d=1.654 fork
=4. Thus, according to this model, the charge of atomic
ions at the cluster periphery is about1.65 timeslarger than
that at the cluster center.

We now consider another version of the charge distribu-
tion inside the cluster assuming the charge density to be con-
stant, i.e.,
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niZsrd − nesrd =
3Q

4pR3 . s20d

Substituting Eq.s20d into Eq.s13d, one can obtain, instead of
Eq. s17d,

1

r2

d

dr
Fr2SZ3srd

1230
− FDG =

3Q

R3 . s21d

Using the dimensionless variabless16d, this equation can be
rewritten in analogy with Eq.s17d,

1

x2

d

dx
hx2fy3sxd − 1gj = 3k, ys0d = 1. s22d

Its solution is of the form

ysx,kd = s1 + kxd1/3. s23d

In particular,ys1d=1.71 for k=4. The functionysx,kd Eq.
s23d for k=4 is given in Fig. 1 by a thin solid line. It
follows that both models give closely related charge dis-
tributions.

We now consider yet another version of the charge distri-
bution assuming the electron number density to be constant
(ne= const) inside the cluster. Then we have for the total
charge of the ionized clusterQ, instead of Eq.(14),

Q = niE
0

R

Zsrd4pr2dr − ne
4

3
pR3.

Equations13d is transformed into

1

r2

d

dr
Fr2SZ3srd

1230
− FDG=4pniZsrd −

3ni

R3E
0

R

Zsrd4pr2dr +
3Q

R3 .

s24d

It can be rewritten, using the dimensionless variables defined
above, as

1

x2

d

dx
hx2fy3sxd − 1gj=3k + bSysxd − 3E

0

1

ysudu2duD ,

ys0d = 1.

Here the following notation is used:

b = 134.6
niR

F2/3. s26d

Equations25d differs from Eq.s22d by the additional second
term on the right-hand side of Eq.s25d. This term increases
the effective value ofk.

In contrast to the previous two cases, the solution of Eq.
(25) depends on two parameters,k and b. For example, in
the case of a Xe clustersni =0.0024 a.u.d with N=106 atoms
we haveR=464 a.u. Taking for the laser field strengthF
=10 a.u., we findb=32.3. The solution of Eq.(25) for k
=4 is shown in Fig. 1 by a dash-dotted line. In contrast to the
last model, the first two models lead to almost identical re-
sults. Indeed, in the last model, an excess cluster charge is
concentrated mostly near the cluster surface; it creates a
weak electric field inside the cluster.

IV. DISCUSSION

Above, we used a one-dimensional model of barrier-
suppression ionization of atomic ions. However, the total
electric-field strength depends on the angleu between the
self-consistent cluster field and the laser field

Ftot = ÎfF + FSsrdcosug2 + FS
2srdsin2 u

= ÎF2 + FS
2srd + 2FFSsrdcosu. s27d

It is seen that the total electric-field strength varies from
ÎF2+FS

2srd up to F+FSsrd. We estimate the accuracy of
the above model of a constant electron number densityne
inside the cluster. Taking the total field strength as
ÎF2+FS

2srd, we obtain the Bethe formula in the formfin-
stead of Eq.s11dg

ÎF2 + FS
2srd =

Z3srd
1230

. s28d

Then, Eq.s22d is transformed into the following equation for
ysxd:

1

x2

d

dx
fx2Îy6sxd − 1g = 3k, ys0d = 1. s29d

The solution of this equation has the form

ysxd = f1 + skxd2g1/6. s30d

For k=4 we find ys1d=171/6,1.60.
This solution is shown in Fig. 2. It is seen that now the

effect of the Coulomb electric fieldFS is smaller than in the
case when both fields are parallel(solid line); however, the
difference between the two cases[compare Eq.(23)] is only
a few percent. In addition, we show in Fig. 3 the ratio of the
ion charges for the cases when the laser field and the Cou-

FIG. 1. The dependence of the reduced chargey [see Eq.(16)]
on the reduced distance from the cluster centerx for k=4: the thick
solid line is the numerical solution of Eq.(17), the dotted line is
described by formula(19), the thin solid line corresponds to for-
mula (23), and the dash-dotted line relates to the numerical solution
of Eq. (25) with b=32.3.
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lomb electric field are parallel and perpendicular to each
other. This ratio is a function of the distancex=r /R from the
cluster center.

The hierarchy of times for the various processes during
the laser pulse determines the establishment of an equilib-
rium ionization at each stage of the laser pulse. In particular,
the equilibrium of electrons inside the cluster is maintained
by ionization processes. A typical time of electron release
from an atomic ion by barrier-suppression ionization is the
time of electron motion through the barrier[16,17]; it does
not exceed atomic times. This time is estimated as 0.1 fs;
thus the ionization equilibrium with respect to the liberation
of atomic electrons is established promptly, as soon as the
potential barrier disappears.

The outer ionization of the cluster requires a longer time
because an electron has to pass a longer way through the
barrier. A typical time for the establishment of this ionization
equilibrium is less than a half laser period(i.e., ,1 fs) for
clusters consisting of 106 atoms. Redistribution of electrons
inside the ionized cluster proceeds approximately within the
same period of time, i.e., the self-consistent cluster field es-
tablishes itself during the first period of the laser field. Thus,
equilibrium ionization in the cluster is established on the
leading edge of the laser pulse.

This hierarchy of ionization times is important for the
formation of the cluster plasma. This plasma consists of mul-
ticharged ions and electrons which are locked in the self-
consistent electric field. We consider large clusters when the
number of cluster atoms exceedsN=1000. Then, even for
very high intensity of the laser pulse, only a small part of the
cluster electrons is released, while most of the liberated elec-
trons remain locked inside the cluster.

When the laser field is switched off, ionization processes
largely stop. Since cluster expansion proceeds after the end

of the laser pulse, the ionization processes during this stage
are weak. Moreover, the rate of impact processes drops
sharply with cluster expansion, because the expansion pro-
cess is accompanied by a sharp decrease of the electron num-
ber density.

Above, we ignored cluster expansion during the laser
pulse. For moderately sized clusters and strong fields, this
assumption can be violated partially. Nevertheless, the ion-
ization processes as described above hardly change. Indeed,
according to the Bethe formula(6) for the outer ionization of
the cluster, the cluster charge isQ,R2; therefore the param-
eter k=Q/ sFR2d, which is responsible for the increase of
ionization due to the self-consistent cluster field, is indepen-
dent of the cluster radiusR. Hence, cluster expansion does
not affect the ionization processes inside the cluster.

V. CONCLUSION

The above analysis demonstrates the barrier-suppression
type of inner and outer ionization of clusters by a superin-
tense femtosecond laser pulse. This process proceeds at the
leading edge of the laser pulse. It is accompanied by redis-
tribution of the cluster electrons and creates a self-consistent
electric field. The latter produces additional inner ionization.
As a result, the charge multiplicity of the atomic ions is
higher at the cluster surface than at its center, approximately
by a factor of 1.6–1.7. This result follows from various mod-
els of the charge distribution inside the cluster.
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