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We analyze the properties and the character of evolution of the electron subsystem of a large cluster (with the
number of atoms n ~ 10*-10°) interacting with a short laser pulse of high intensity (10'"-10*° W/cm?). As a
result of ionization in a strong laser field, cluster atoms are converted into multicharged ions, a part of forming
electrons leaves the cluster, and the other electrons move in a self-consistent field of the charged cluster and
the laser wave. It is shown that electron—electron collisions are inessential both during the cluster irradiation by
the laser pulse and in the course of cluster expansion; the electron distribution in the cluster does not therefore
transform into the Maxwell one even during the cluster expansion. During the cluster expansion, the Coulomb
field of a cluster charge acts on cluster ions stronger than the pressure resulting from electron—ion collisions. In
addition, bound electrons remain inside the cluster in the course of its expansion, and cluster expansion does

not therefore lead to additional cluster ionization.

PACS: 36.40.Wa, 33.90.+h
1. INTRODUCTION

We consider the character of equilibrium in the
plasma formed by irradiation of a cluster beam by
a strong laser pulse of the intensity more than
10'7 W/em?, which is studied experimentally [1-3].
This plasma is used both as a source of neutrons pro-
duced with a beam of deuterium clusters [4-6] and for
generation of X-rays [7-10]. Under typical experimen-
tal conditions, the hierarchy of times of the cluster
plasma evolution under consideration is as follows. The
typical time of the laser pulse duration (r; = 30-100 fs)
is small compared to the cluster lifetime with respect
to Coulomb explosion (7¢zp ~ 100-1000 fs), which is in
turn smaller than the typical time of expansion of the
forming uniform plasma, which can reach 1 ns. This hi-
erarchy of times determines the behavior of this plasma.

Along with this time hierarchy, the character of
laser energy absorption is important for the yield pa-
rameters of the plasma. Excitation of clusters by a
laser pulse under consideration proceeds through the
electron component of this plasma, but this interaction
has a specific character due to parameters of the laser
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radiation. First, these processes occur in strong fields,
because the radiation intensity exceeds the atomic field
strength, which is 3 - 10'® W/em?, and we consider
higher fields that are available under contemporary
experimental conditions [11]. Second, the interaction
time is very small, and although it exceeds a typical
atomic value, light propagates over the distance 10um
within 30 fs. Therefore, in contrast to the classical
character of interaction between radiation fields and
atomic systems [12-14], other interaction mechanisms
are realized in this case [15-19]. Hence, short-time pro-
cesses occur because of a short time of the laser—cluster
interaction, and over-barrier ionization is the main pro-
cess of absorption of a strong electromagnetic wave.
As a result, the laser radiation energy is consumed by
ionization of cluster atoms and is transmitted to the
electron component of clusters. Below, we consider the
character of development of the electron subsystem of
clusters under the action of a strong laser pulse.

In the first stage of the ionization process, free elec-
trons in clusters result from over-barrier ionization of
cluster atoms [15]. Electrons of zero kinetic energy are
formed in this process, and atoms are transformed into
multicharged ions that are found in the ground state.
Forming electrons move in the laser and cluster fields
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and receive energy from these fields. When electrons go
outside the cluster, a positive cluster charge arises, and
interaction between the cluster and laser fields leads to
the subsequent electron liberation. In addition, colli-
sions of electrons can cause redistribution of the elec-
tron energy, and we analyze the role of such processes.

Because the cluster acquires a positive charge un-
der the action of a laser pulse, it expands as a result of
the interaction of the cluster field and its ions. In the
course of expansion, the electron subsystem can influ-
ence the expansion process. In addition, collisions of
electrons with multicharged ions that result from ion-
ization of cluster atoms lead to formation of excited
multicharged ions; radiation processes involving multi-
charged ions are responsible for X-ray radiation of this
cluster plasma.

Taken together, processes involving the electron
subsystem of clusters determine both the cluster ion-
ization rate and the character of energy redistribution
of electrons that affects the processes responsible for
X-ray emission of the cluster plasma. The goal of this
paper is to analyze the character of electron equilib-
rium in the cluster plasma and the processes involving
electrons.

2. IONIZATION OF CLUSTER ATOMS AND
CLUSTERS BY A LASER PULSE

2.1. Formation of multicharged ions inside
clusters

Under typical conditions of the process under con-
sideration, the photon energy is smaller than the ioniza-
tion potentials of cluster atoms and ions, and ionization
of cluster atoms results from over-barrier transitions of
initially bound electrons in the laser wave field. Be-
cause of a high electric strength of the electromagnetic
wave, this field decreases the barrier from the Coulomb
field of the nucleus, and an initially bound electron can
freely leave this Coulomb field.

In considering ionization of individual atoms in a
cluster by a laser pulse, we assume its action on cluster
atoms to be identical to that of a constant electric field.
This assumption is valid at small values of the Keldysh

parameter [15]

wy2JT7
F )
where F' is the electric field strength, Jz is the ion-
ization potential of a multicharged ion with the charge
Z —1, and w is the laser frequency (we use atomic units
in this paper). Therefore, this character of ionization
of cluster atomic particles is valid for high electric field
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strengths F' of the laser electromagnetic wave. Hence,
we use the Bethe formula [20] for the strength F' of the
electromagnetic wave at which the barrier disappears
for an electron with the ionization potential Jy,

7
F= Ev (1)
where Z is the charge of a forming atomic ion. This
formula implies that the over-barrier transition leads
to liberation of electrons whose binding energy is less
than Jz.

This criterion can be represented in another form
using the analysis of dynamics of the electron transi-
tion from the Coulomb field of the atomic core. Indeed,
near the top of the barrier created by the Coulomb field
of the atomic core and the constant electric field, we
have the Newton equation

d*r r

dt To (2)

for a classical electron, where 1o ~ /Z/F is the dis-
tance of the barrier top from the ion center. From this,
we find the typical time

o
2F

Tdep ™~

for the over-barrier electron transition. The require-
ment that this time is small compared to the period of
the electromagnetic wave gives

Z1/2,,2

5  2row?
F TR

~ = <1. (3)

Toep
Because of (1), this criterion is identical to the small-
ness of the Keldysh parameter. This implies that the
mechanism of over-barrier ionization of cluster atoms
and ions under the action of a strong electromagnetic
wave applies at large intensities of the electromag-
netic wave. In particular, the right-hand side of cri-
terion (3) gives the approximate value 3 - 10~2 for the
laser pulse with I = 107 W/em? and frequency 1.5 eV
(Ti:sapphire laser).

Charges Z of ions formed by the over-barrier elec-
tron transition are given in Table 1. High values of the
charge allow us to use a simple formula for the electron
binding energy in this case,

2
Z2

Tz 2(n — 6p1)%’

= (4)
where Z.; is the effective charge that includes shield-
ing of the nucleus charge by atomic electrons, such that
Zey > Z, and 0y is the quantum defect for a given
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Table 1.

The charge of cluster atomic ions result-

ing from cluster irradiation by electromagnetic waves
of different intensities at the cluster of 10 atoms. The

first value is the ion charge at the cluster center; the

value in parentheses is the charge at the boundary

107 W/em? | 10'8 W/em? | 10" W/cm?
Kr 12(18) 18(26) 24(27)
Xe 11(24) 19(28) 26(43)
Mo 12(14) 14(24) 22(32)
W 12(38) 22(47) 41(56)

electron shell (usually, §,; < 1). This formula uses the
analogy of multicharged ions with hydrogen-like ions.

We consider one more aspect of this problem. Using
the analogy between the action of a strong electromag-
netic wave and a constant electric field on an atomic
particle, we ignore absorption of the electromagnetic
wave as a result of electron release. In reality, this
absorption follows from excitation of the electron sub-
system of an individual cluster. We assume that as the
electric field strength of the laser wave F'coswt varies
from zero, it leads to the release of new electron groups
in accordance with Bethe formula (1). Hence, as a re-
sult of the over-barrier ionization process, free electrons
are formed inside a cluster with zero energy.

We now estimate the excitation time for an indi-
vidual cluster of n atoms whose electron subsystem ac-
quires the excitation energy roughly equal to nJzZ,
where Z is a typical charge of forming multicharged
ions. Because the incident energy flux of the laser pulse
is cF?/8m and the cluster cross section is equal to its
geometric cross section

TR? = Wr%,‘,nQ/ 3
(where ry is Wigner—Seitze radius and n is the num-
ber of atoms in the cluster), we find the typical time
7 during which all the cluster atoms re converted into
multicharged ions of charge 7,

8Jz7Z

1/3

Tzn/grﬁ~
w

(5)

Substituting the electric field strength F' from Eq (1)

we obtain
Z/TW 2
Jz ’

Y

_ 328 w2
& JZ

(6)

TW
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This value is much smaller than the one for cluster sizes
under consideration, and it decreases with the increase
of the laser pulse intensity because Jz ~ Z2. Field
ionization in clusters can therefore be considered as an
instant process. As a result of this analysis, we find that
typical experimental intensities of laser pulses provide
fast excitation of the electron component of clusters
through ionization of their atoms and ions.

2.2. Ionization of a cluster as a whole

Tonization of a cluster under the action of a strong
electromagnetic wave is similar to over-barrier ioniza-
tion of atoms. An electron passes over the barrier and
releases. The difference from the case of an atom is that
the electron motion in the cluster field is described by
classical laws and the cluster size is restricted. The lat-
ter allows a released electron to leave the cluster field.
The time of electron displacement by a distance of the
order of the cluster radius R is given by

RS
tese ~ ey
Q

(the typical electron velocity is approximately /@ /R,
where (@ is the cluster charge). The criterion ¢t € 1/w
then becomes

(7)

R < Q. (])
The cluster charge is determined by the Bethe formula
for the over-barrier transition of an electron located in
the Coulomb field of a charge @) and in a constant elec-
tric field of a strength F'. Taking the interaction energy
of the electron with the electric field of the cluster to
be Q/R at the cluster boundary, we obtain from (1)
that the charge @ of this cluster is given by

Q =4FR*. (9)

When criterion (8) is valid, this gives

4F
R<<—2
w

(10)
for the cluster size.

We now consider one more aspect of this prob-
lem. The electron remains in the region of the cluster
Coulomb field under the action of the electromagnetic
wave, but can return at another stage of variation of the
electromagnetic wave strength if the electron trajectory
is determined strongly by the fields of the cluster and of
the electromagnetic wave. Of course, a large statistical
weight of continuum spectrum states for this electron
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makes the electron release favorable. It is important
that the Coulomb field of the cluster is not constant in
time precisely because it is also created by the motion
of bound electrons of the cluster. Fluctuations result-
ing from the motion of internal cluster electrons lead
to randomization of the motion of the transferring elec-
tron and make its departure from the Coulomb cluster
field irreversible. This determines the applicability of
simple formulas for ionization of the cluster as a whole.

Thus, as a result of the ionization processes both
inside the cluster atoms and for the cluster as a whole,
a specific plasma is formed such that multicharged
atomic ions of the cluster keep a part of the electrons
moving inside the cluster. These electrons are locked
ingide the cluster, whereas a part of the electrons re-
leases and creates a cluster charge. Later, this sys-
tem decays as a result of cluster expansion caused by
Coulomb forces acting on ions. But the processes of
formation of this plasma determine its properties and
the character of subsequent cluster expansion.

We consider one more consequence of cluster charg-
ing. Because the charge of cluster ions is not compen-
sated by the electron charge, an additional field arises
in the cluster. For simplicity, we use the model where
the cluster charge is distributed over the cluster uni-
formly. Then the electric field of the cluster charge
with the strength

r
acts on an ion located at the distance r from the clus-
ter center. This changes the charges of forming mul-
ticharged ions inside the cluster. This problem was
examined in [21, 22] in detail. Replacing the electric
field strength F' of the laser wave in Bethe formula (1)
with F' + F;, we obtain for the ion charge Z(r) at the
distance r from the cluster center that

r JZ
F(1+4E) =z, (12)
Thus, this charge is larger near the cluster boundary
than at its center. The data in Table 1 pertain to the
charge of multicharged ions near the cluster center. We
also include the charge near the cluster boundary in this
table.

We note that in the above consideration, we as-
sumed that the laser field penetrates inside the cluster.
This is a valid assumption because the skin depth for
the laser signal is approximately 100 nm in this case
and exceeds the cluster size in the range under con-
sideration (a cluster consisting of 105Xe atoms has the
radius 25 nm [23]).

3. ELECTRON DISTRIBUTION IN THE
CLUSTER PLASMA

3.1. Relaxation of electrons in a cluster

The cluster plasma resulting from a laser pulse is
expanding. There are two forces acting on the clus-
ter that cause it to expand during and after the laser
pulse. The first is the pressure due to electrons. Clus-
ter electrons collide with ions and push them outside.
The second force is determined by the Coulomb force
and depends on the charge distribution in the cluster,
which is the distribution of ions, and electrons.

The energy distribution of electrons established in
the cluster during irradiation is far from the equilibrium
one. The relaxation rate of the electron subsystem is
determined by electron—electron collisions. The relax-
ation time can therefore be defined as the time during
which a test electron gains the energy (/R in collisions
with other electrons,

Tee ~ Q/R7 (13)
ElVee

where € is the electron energy change and v, is the
electron—electron collision rate. The electron—electron
collision rate is given by [24]

4

gy = —IHA, (14)

Vee = NV 2e0y 5
€

where In A is the Coulomb logarithm. Substituting
Eqs. (14) in Eq. (13), we obtain the relaxation time

Q/Ry/€

~ . 15

Tee 427N, In A (15)
Substituting Eq. (9) in (15), we finally obtain
3/2 3 F3/2,.9/2,,1/2

Toe ~ (Q/R) w — 8 Tw 1 . (16)

3v2Z1In A 3v2Z1n A

We now compare the relaxation electron time 7,
with the expansion time. The typical expansion time

is given by
[MR® 1 [MR
= === 17
Teap zqQ 2V zZF (am)

where M is the ion mass. The ratio of these times is
given by

Tee 16 FQTéV
Texp 3\/§1n A vV MZ

The ratios Tee/Tesp for krypton, xenon, molybdenum,
and tungsten clusters under typical laser parameters
are given in Table 2. Condition (18) is satisfied for all
the parameters considered, as follows from the data in
Table 2.

n'/? > 1. (18)

4*
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Table 2.
the cluster of 10° atoms to the expansion time 7., for

The ratio of the relaxation time 7.. for

different electromagnetic wave intensities

1017 W/em? | 10 W/em? | 10! W/cm?
Kr 53 359 3100
Xe 55 365 3160
Mo 6.1 57 456
W 4.5 33 241

3.2. Electron subsystem during cluster
expansion

We now consider the behavior of electrons in the
course of cluster expansion. We use the above fact
that the expansion time is large compared to the ty-
pical time of equilibrium establishment in the electron
subsystem. This implies that in contrast to [25], the
distribution function of electrons is not the Maxwell
one, and collisions between electrons during cluster ex-
pansion can be ignored. We therefore start from the
electron distribution by energy that results from laser
ionization of atoms and analyze the evolution of elec-
trons located inside the cluster. For simplicity, we use
the model where the positive charge is distributed uni-
formly inside the cluster, and the selfconsistent poten-
tial of electrons and multicharged cluster ions is there-
fore given by

(19)

where r is the distance from the cluster center, and
we consider the interior cluster part » < R. This as-
sumption leads to the electron number density inside
the cluster

3Q

Ne(r) = Z(r)N; - IR

(20)
(for the charge Z(r) of an individual atomic ion of the
cluster, see Table 1). Because ions are distributed in
the cluster uniformly before and at the first stage of its
expansion, the charge of an individual ion depends on
the distance from the cluster center as

2Q r

2(r) = Zo <1 + =L (21)

1/3
FR? E) ’
which corresponds to Eq. (12).

We now consider the character of evolution of
the cluster during its expansion. Because the self-
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consistent cluster potential does not change consider-
ably during the oscillation period of a locked electron,
its adiabatic invariant [26, 24]

I(t,e) = (22)

€ / [2m(e — U(r))]l/2 dr
2

is conserved. The integration is performed between two
turning points of the locked electron with a certain en-
ergy €. This quantity plays the role of an integral of
motion for the electron. The distribution function of
locked electrons is then a function of the adiabatic in-

variant,

f=Ffe1). (23)

To obtain information about the cluster evolution,
we assume the cluster charge @) to be constant during
the cluster expansion and assume the cluster potential
for an individual electron to be given by Eq. (19) when
the cluster radius R depends on time. The adiabatic
invariant for an individual electron is then equal to

1 Q
T 102 [e =R
where [ is the electron orbital momentum that ranges
from 0 to Q?R.

We show that the electron orbital momentum is
conserved during the cluster expansion. Indeed, the
electron momentum varies in electron collisions with
ions and electrons, and because these collisions lead to

I —19], 9 (24)

small scattering angles, the typical momentum varia-
tion during cluster expansion is estimated as

Al ~

Tex
P
Tei

(25)

where 7.; is the typical time of electron—ion collisions.
We here take into account that electron—ion collisions
are more effective than electron—electron collisions be-
cause of the large average charge Z of cluster ions, and
the cluster expansion rate is determined by interaction
of the cluster charge with each ion. This leads to the
following estimates for these parameters:

1 47 N; Z% In A

UEi ~N — ~
Tei 3v3

MR3
Teap ~ 70

We give typical values of expansion times in Table 3,
from which it follows that under typical conditions of
cluster evolution,

A
~J

B InA,

(26)

Z2
’Z)—21nA<<1.

Al

M
T ~ TexpVei ~ 7

(27)
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Table 3.
rameters of the interaction between a laser wave and

Typical expansion times (fs) at some pa-

clusters for different electromagnetic wave intensities
and different n

n | 10" W/ecm? | 10'® W/cm? | 10" W /cm?
10* 92 40 19
Xe | 105 134 58 28
106 196 84 40
104 79 33 13
W | 10° 116 50 20
108 170 73 30

Thus, the above analysis shows that under typical con-
ditions of cluster evolution, the orbital momentum I
of an individual electron is conserved in the course of
cluster expansion, and the electron orbital momentum
I can therefore be considered as an integral of motion.
We now consider the character of motion of an indi-
vidual electron in the course of cluster expansion, using
conservation of the adiabatic invariant and the angular
electron momentum. The motion of locked electrons
consists in rotation around the cluster center and os-
cillations in the radial direction between two turning
points. Under cluster expansion, the turning points of
the electron also move. Using the expression for the
energy of an individual electron
022 12
T Ty

(28)

and the relation between {2 and the adiabatic invariant
I in Eq. (24), we obtain that the distances r1 » of the
turning points from the center are given by

ri. Al .
R(t)2  R(t)2 = Q(t)R(t)?
e or1 12
“2 | mer tamrmt] 0 %0

where R(t) is the current cluster size. Recalling the re-
lation between  and cluster size in Eq. (24), we obtain
that

V2I
R(t)’

1,2 - l

R(t) ~ (QR(t))\/*

(30)

Because R(t) increases in time, Eq. (30) implies that
the electron trajectory remains inside the cluster in the
course of cluster expansion and the relative distance
of turning points from the cluster center ry 2/ R(t) de-
creases. Because the second term in Eq. (30) decreases
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faster than the first one, the motion of a locked electron
tends to transform into rotation.

The motion of an electron in the cluster field con-
sists of oscillation in the cluster potential U(r) and ro-
tation around the cluster center characterized by the
electron angular momentum /. Equation (30) gives the
behavior of turning points of a test electron as the clus-
ter expands. We see that turning points of a test elec-
tron move from the cluster center slower than the radius
increases. This implies that electrons remain inside the
cluster during cluster expansion, and cluster expansion
does not therefore lead to an additional cluster ioniza-
tion.

We now consider this problem from another stand-
point, introducing the energy F of a test electron such
that the energy on the cluster boundary is zero. As-
suming that the electron transition outside the clus-
ter boundary means the electron release, we rewrite
Eq. (24) for the adiabatic invariant as

E=10*+1Q-W, (31)
where W = 302R?/2 is the cluster well depth. We
introduce the reduced electron energy

E [I 3],
L _ 11 3l past
0 {32 Q}R +

E = (32)

If E becomes positive, the electron releases. But be-
cause R*Q = /QR increases as a result of cluster ex-
pansion, an initially negative value E remains negative,
i.e., cluster ionization does not occur as a result of clus-
ter expansion in the absence of collisions involving elec-
trons.

We next consider the character of cluster expansion
that proceeds under the action of the Coulomb field of
the cluster charge and under the action of electron col-
lisions. The force acting on a test ion from the cluster
charge is given by
_ Q7

fcl R2

(33)
The force acting on the test ion in collisions with elec-
trons is

47 N; Z*?
T2 A

S, (34

Fel ~ Veip ~

where p is the typical electron momentum. Substitut-
ing the minimal electron velocity v = /Zn'/3/R in
this formula, we obtain an estimate for the force acting
on the cluster boundary due to collisions with electrons,

3n2/3Z1n A
<

el > R2 (35)
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Comparing the above forces, we have
.7:01 _ EFT‘%,V
Fa 3 InA

> 1. (36)
The cluster expansion rate is therefore determined by
the Coulomb force that acts on ions from the cluster
charge. Hence, the equation for the evolution of the
cluster boundary has the form

d’R ZQ
P (37)
and its approximate solution is
ZQ
R~ /2 t. 38
Roll (38)
A typical time T of the cluster expansion is
MR3
T = 0,
70 (39)

Typical cluster expansion times are given in Table 3.
We see that the cluster expansion time becomes compa-
rable to the pulse duration under the laser intensities of
the order 10! W/em?. It may affect cluster evolution
during irradiation and after it.

4. CONCLUSION

Thus, the analysis of the behavior of an individual
cluster in the field of a strong electromagnetic wave
shows that electrons locked in the cluster cannot leave
it after the laser pulse. Neither electron—electron colli-
sions nor the cluster expansion lead to a considerable
additional release of electrons. The pressure created
by electron—ion collisions gives a small contribution to
the cluster expansion rate. In addition, this analysis
demonstrates that under large intensities of the laser
pulse, expansion during the irradiation can affect the
character of interaction between the laser pulse and
the cluster.

The author thanks V. P. Krainov for useful discus-
sions. This work is supported by RFBR (grant Ne(01-
02-16056) and CRDF (grant Ne MO-011-0).
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