
Abstract. High-power free electron lasers (FELs), recently
developed sources for producing intense femtosecond pulses of
vacuum ultraviolet (VUV) radiation, offer newways of studying
the interaction of radiation with matter. In this paper, a first
series of experiments on the laser excitation of atomic cluster
beams is reviewed, which showed that intense VUV pulses
interact with clusters very differently than their optical or near
infrared (IR) counterparts do. The first experimental results on
cluster beam spectroscopy performed with intense VUV-FEL
pulses are examined. FEL operation principles and perfor-
mance parameters are briefly discussed. How intense ultra-
short IR and VUV pulses excite clusters is analyzed, the
interaction parameters between radiation and clusters are cov-
ered, and the formation and heating mechanisms of cluster
plasma are explored. What is similar and fundamentally differ-
ent between the ways IR and VUV radiations excite clusters is
pointed out. Some other applications of VUV and soft X-ray
FEL radiation are reviewed as well.

1. Introduction

The processes of interaction between intense femtosecond
laser pulses and atomic cluster beams have been the focus of
attention for the past 10 ± 15 years (see, for instance, papers
[1 ± 18] and references cited therein). The main objective of
these works, besides studying the basic aspects of matter±
radiation interaction, is the production of photons or
particles of much greater energy than the quantum energy of
an exciting laser pulse, i.e., the generation of higher
harmonics and X-ray radiation, high-energy ions, electrons,
and neutrons. The structure of a cluster beam is intermediate
between that of gaseous and solid-state targets. The density of
atoms in clusters being almost as high as in solids, it enables a
great specific energy to be deposited into them (commensu-
rate with that for solid targets, as opposed to gaseous ones).
On the other hand, the relatively small size and isolation of
clusters in a beam prevent rapid relaxation (or transfer) of the
energy deposited to them; hence the possibility of achieving a
high degree of cluster excitation. A highly ionized cluster
plasma resulting from cluster excitation by intense ultrashort
laser pulses constitutes an efficacious source of X-ray
radiation [19 ± 31] and neutrons [32 ± 42].

The characteristic size of clusters in a beam in such
experiments normally varies from 5 to 100 nm, and the
number of atoms in a cluster is N � 103ÿ107. Clusters
excited by intense laser pulses turn into completely ionized
plasma that is at first located within the space occupied by the
clusters but thereafter expands into its surroundings under
the action of Coulomb and/or hydrodynamic forces. The
length of the exciting pulse must be smaller than the plasma
expansion time if cluster matter is to be excited. It is only in
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this case that the whole laser pulse interacts with a not yet
decomposed cluster. For a cluster characteristic size of
around 10 nm (N � 104) and an ion expansion rate of
107ÿ108 cm sÿ1, the ion expansion time ranges
10ÿ13ÿ10ÿ12 s. This explains why effective cluster excita-
tion, and the creation and strong heating of cluster plasma
are feasible only with the use of intense femtosecond laser
pulses. Notice that matter expansion time for a cluster
strongly depends on the mass of its constituent atoms (see
Section 2.1). For example, the initial radius (5 nm) of a
deuterium cluster doubles at an electron temperature of
1 keV for only 20 fs [1], compared with 300 fs for a xenon
cluster radius.

The overwhelming majority of experiments on cluster
excitation by intense femtosecond pulses have been per-
formed using near-IR lasers (Ti-sapphire lasers with a
radiation wavelength l � 800 nm; see reviews [1 ± 11]).
Only a few experiments were done using ultraviolet (UV)
laser pulses (see, e.g., Refs [19, 43, 44]). A characteristic
feature of cluster interaction with IR and optical pulses is
that the laser radiation frequency is much lower than that of
atomic transitions. At the same time, the radiation wave-
length is significantly higher than the cluster size, meaning
that all atoms within a cluster are in equal conditions with
respect to exciting pulse intensity. These peculiarities to a
large extent determine both the interaction of IR laser
pulses with clusters and the further evolution of cluster
plasma (see Sections 2 and 3).

Sources of intense femtosecond pulses of VUV radiation
(l4 100 nm) have recently become available. These are high-
power free electron lasers built around large linear particle
accelerators and characterized by high gains. To date, two
large-scale VUV and soft X-ray FEL projects are underway,
one in Stanford (USA) [45, 46] and the other near Hamburg
(Germany) [47 ± 49]. The German experiment has already
yielded radiation in the far-UV and soft X-ray spectral
regions [50 ± 53]. Lasers emitting VUV and soft X-ray
radiation have good prospects and open up new possibilities
for the study of interactions between matter and radiation.
They are likely to find wide application in many scientific
disciplines, such as physics, chemistry, biology, and materials
science. The first experiments with the employment of these
lasers to excite atomic cluster beams have recently been
conducted. The frequency of VUV-FEL radiation, unlike
that of IR pulses, is comparable with the characteristic atomic
frequency. This fact is crucial in the context of interactions
between laser radiation and cluster beams (see Sections 2
and 5). The data obtained illustrate interaction patterns of
VUV pulses and clusters differing from IR radiation±cluster
interactions.

This review presents the results of early experiments on
atomic cluster beam spectroscopy using intense pulses of
VUV-FEL radiation. The constituent elements, principles of
operation, and characteristics of FELs are briefly discussed,
along with radiation pulse properties. The parameters of
atomic cluster interaction with IR and VUV pulses are
considered. Processes of cluster excitation by intense ultra-
short IR and VUV radiation pulses are subjected to analysis.
Cluster plasma ionization and heating mechanisms in these
two cases are examined. General concepts of cluster excita-
tion by IR and UV radiation pulses are formulated and
fundamental differences between the two processes are
emphasized. Some other applications of VUV and soft
X-ray FEL radiation are exemplified.

The review outline is as follows. Section 2 deals with the
qualitative picture of cluster dynamics under the effect of
laser pulses and most important parameters of cluster±
radiation interaction. Cluster excitation by intense IR pulses
is briefly considered in Section 3 to compare its results with
those of VUV pulse excitation and to obtain a deeper insight
into similar and different processes. Mechanisms of cluster
ionization, formation, and the strong heating of cluster
plasma under excitation by IR pulses are analyzed. Section 4
focuses on the VUV free electron lasers. It briefly describes
the construction and principles of operation of the laser as
well as main properties of radiation pulses. Prospects for the
application of such lasers in some related scientific disciplines
are highlighted. Section 5, which is central to this review, is
devoted to cluster spectroscopy using intense pulses of VUV-
FEL radiation. The results of the first experiments designed
to excite xenon cluster beams by VUV radiation of FELs are
presented, and models for their explanation are developed.
Experimental and simulation work on photoelectron and
photoion spectroscopy of argon and xenon cluster beams is
analyzed. The mechanisms of cluster ionization, strong
heating of cluster plasma, and absorption of a large number
of photons by the clusters from the laser pulse field are
examined. Cluster excitation by intense IR pulses is com-
pared with that by VUV radiation pulses. Some other
examples of FEL applications are given, e.g., in two-
frequency (excitation±probing) experiments and for the
ablation of materials. The concluding section summarizes
the results of research and provides their relevant interpreta-
tion.

2. The qualitative picture of cluster dynamics
under the effect of laser pulses and selected
parameters of cluster-radiation interaction

2.1 Cluster dynamics under the effect of a laser pulse
It seems appropriate that consideration of cluster excitation
by intense IR and VUV laser pulses be preceded by a concise
analysis of a qualitative picture of cluster dynamics under the
action of laser pulses and some important parameters of
cluster±radiation interaction. A cluster affected by a laser
pulse undergoes the following processes [1 ± 11]: (1) internal
ionization of cluster atoms, giving rise to quasi-free electrons
and nanoplasma; (2) heating of the quasi-free electrons inside
the cluster; (3) external cluster ionization due to electron
emission from the highly ionized cluster, and (4) complete
fragmentation of the cluster resulting from aCoulomb and/or
hydrodynamic explosion. These processes occur in all clusters
exposed to intense laser pulses regardless of the radiation
wavelength. Some of these processes (e.g., 1 and 2, 1 and 3, 2
and 3) may coincide in time.

In other words, interactions between a laser pulse and
clusters lead to their conversion into a system of multiply
charged ions and free electrons [1, 3, 4, 8, 9]. Part of the
electrons leave the cluster that acquires a positive charge,
while the other part is retained by the cluster's self-consistent
field. The resulting system ofmulticharge ions and electrons is
unstable and decays owing to ion spreading out. Character-
istic decay time texp is given by [1, 18]

texp � R0

�
mi

Z 0kTe

�1=2�
n0
ne

�1=3

; �2:1�

462 G NMakarov Physics ±Uspekhi 52 (5)



where R0 is the initial cluster radius, Z 0 is the charge of the
cluster ion, Te is the cluster's electron temperature, mi is the
ion mass, n0 and ne are the initial and running electron
concentrations, and k is the Boltzmann constant. Notice
that the running electron concentration ne is strongly time-
dependent; this dependence needs to be taken into considera-
tion when estimating cluster expansion time. As the system
breaks down with an ion velocity, its decay time may be
considerably greater than the duration of the laser pulse. This
stage of development of the evolving plasma may affect its
properties [1 ± 4, 8, 9]. The interaction being considered
between the cluster beam and the intense short IR laser
pulse makes it possible to deposit a high specific energy (1 ±
10 keV per electron) into the electron subsystem. In this
way, absorption of laser pulse energy by the cluster beam
leads to the formation of a specific hot plasma [1, 3, 4, 8, 9].

Cluster evolution in timemay be described as a three-stage
process (Fig. 1) [8]. At the first stage (phase I), the laser pulse
interacts with cluster atoms as if they were isolated. The laser
field produces primary single internal ionization of neutral
cluster atoms. Multiply charged atomic ions prevailing in the
cluster are produced due to collisions of hot electrons with
atoms and ions and due to atomic ionization by the Coulomb
field of the charged cluster after it is left by part of its electrons
(`ignition mechanism'; see Sections 3.5 and 5.1). These
processes lead to atomic ionization within the cluster and
formation of quasi-free electrons inside the cluster. At the
most important and interesting stage, phase II, the cluster
expands under the action of Coulomb forces of the newly
formed ions. Expansion of the cluster results in decreased ion
density. On the other hand, the density of quasi-free electrons
in the cluster can be unaltered. These electrons formed by
virtue of internal cluster ionization (see Section 3) remain
coupledwith the cluster as a whole rather thanwith individual
ions. Their density changes depending on the balance between
internal and external cluster ionization rates at a given instant
of time. Finally, energy absorption from the laser pulse
decreases at stage III as the pulse becomes weaker and then
ceases. Energy redistribution within the cluster occurs during

this stage, e.g., by recombination, until it undergoes complete
fragmentation and energy distributions of electrons and ions
are established. This simplified but rather universal scheme
permits us to better understand and define various mechan-
isms of energy absorption by the cluster. In the case of a short
exciting laser pulse, the processes of cluster expansion and the
establishment of equilibrium occur after the pulse cessation.

2.2 Selected parameters of cluster-radiation interaction
Figure 1 also schematically depicts an exciting laser pulse.
When the length of an IR pulse is close to 100 fs, the number
of its field strength oscillations (l � 800 nm, o � 2pc=l �
2:4� 1015 sÿ1) is approximately 37, compared with some 300
in a VUV pulse (l � 100 nm, o � 2� 1016 sÿ1). As already
indicated in Section 1, the laser field frequency o in IR pulses
is significantly smaller than the atomic frequency oa:

o5oa � mee
4

�h 3
; �2:2�

whereme and e are the electronmass and charge, respectively,
and �h is Planck's constant. In the case of VUVpulses, the laser
frequency can exceed the atomic frequency. Atomic fre-
quency given by relation (2.2) is oa � 4:13� 1016 sÿ1, and
the corresponding atomic wavelength la � 45:6 nm. This
means that the radiation wavelength during cluster excita-
tion by VUV pulses can be smaller than or similar to the
atomic wavelength. In contrast, the radiation wavelength in
the case of excitation by IR pulses is much greater than the
atomic wavelength. All these differences explain why cluster
excitation by VUV pulses is so dissimilar from IR pulse
excitation (see Sections 3 and 5).

Knowledge of the limits of applicability of the perturba-
tion theory is necessary to describe cluster excitation by
intense IR and VUV laser pulses. The perturbation theory
does not work when radiation intensity exceeds a critical
value I � given by the relation [8]

I � � F 2 � 4o 2DE ; �2:3�

where DE is the typical difference between atomic energy
levels (e.g., ionization potential), F is the strength of the laser
pulse electric field, and o is the radiation frequency. Notice
the quadratic frequency dependence of I �. It makes the
perturbation theory applicable in the case of cluster excita-
tion by VUV pulses, even at a high intensity of the laser field,
as illustrated by Table 1 containing the intensities given by
relation (2.3) for different laser frequencies at DE � 1 Ry
(� 13:6 eV).

A relation analogous to Eqn (2.3) is possible to derive
evaluating the laser field intensity at which electrons tunnel
across the potential barrier created by the joint action of an
ion field and the laser field during a time smaller than the
length of the laser pulse. This intensity is determined by the

R

R0

t0 tc T t

Phase I

Phase II
Phase III

Figure 1. Qualitative picture of cluster dynamics under the effect of an

intense laser pulse: R�t� Ð time-dependent cluster radius. The figure

shows atomic ionization (phase I), the critical expansion phase (phase II),

and relaxation (phase III), as well as the exciting laser pulse;TÐtotal time

of the three-stage cluster evolution [8].

Table 1.Laser radiation intensities I � representing the boundary values for
the process of cluster ionization in the framework of perturbation theory
and exact solution in accordance with relationship (2.3) for different
wavelengths and radiation frequencies [8].

l, nm 780 100 3.5

�ho, eV 1.59 12.4 350

I �, W cmÿ2 5� 1014 3� 1016 2� 1019
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Keldysh parameter g � T1o, where T1 is the tunneling time
[54]. The Keldysh parameter can be rewritten in the form [8]

g �
��������
DE
2Ep

s
: �2:4�

Here, Ep is the ponderomotive energy (`quiver' or vibrational
energy) of an electron in the oscillating laser field, defined as

Ep � e 2F 2

4meo 2
: �2:5�

The value of g � 1 sets an approximate borderline between
the regimes in which the perturbation theory works, g4 1
(multiphoton excitation of atoms), and when it does not,
g4 1. The strength of the oscillating laser field is especially
important for relatively extended systems, such as clusters. It
determines the quiver amplitude of electrons, xquiv, i.e., the
amplitude of periodic electron motion under the action of the
laser field:

xquiv � eF

meo 2
: �2:6�

This amplitude is usually compared with a cluster radius
measuring about 50 A

�
for XeN clusters with the number of

atoms N � 104. Table 2 includes Keldysh parameters as well
as absolute values of ponderomotive energy Ep and electron
oscillation amplitudes xquiv for some laser wavelengths
considered in this review at different intensities. These
parameters and quantities characterize radiation±cluster
interactions and can be used to analyze different mechanisms
of cluster ionization and heating of cluster plasma (see
Sections 3 and 5).

To close this section, is should be noted that the dipole
approximation remains valid, short wavelengths of exciting
radiation from an FEL in the VUV range notwithstanding.
This inference follows from the comparison of electron
oscillation amplitudes with radiation wavelengths (see
Table 2). The latter quantity is several orders of magnitude
greater than the former, even at high intensities. Moreover,
interactions between laser pulses and an atomic system have a
non-relativistic nature despite the large wave amplitude of the
exciting radiation [9]. Indeed, the characteristic velocity of
valence electrons in an atom is roughly e 2=�h. For atomic ions
with charge Z � 1, it is of the same order: v � Ze 2=�h;

therefore, the parameter v=c, where c is the speed of light in
vacuum, is small. It accounts for the nonrelativistic character
of interactions between the atoms and ions under considera-
tion with the electromagnetic field.

3. Cluster excitation by intense IR pulses

3.1 General remarks
The cluster excitation by ultrashort laser pulses in the IR
range (l � 800 nm) has been the subject of many studies (see,
for instance, papers [1 ± 4, 8, 9] and references cited therein).
Typical energy fluxes of laser light in such experiments are
1014ÿ1020 W cmÿ2, and the pulse length tp falls in the range
30 to 300 fs. The strength of the electric field in a laser wave at
high radiation intensities is much greater than the character-
istic field strength in a hydrogen atom. For example, a
characteristic atomic value for the electric field strength
amounts to

Fa � e

a 2
0

� m 2
e e

5

�h 4
� 5:14� 109 V cmÿ1 ; �3:1�

while the corresponding intensity of the electromagnetic wave
is estimated as

I � cF 2
a

8p
� 3:5� 1016 W cmÿ2 : �3:2�

Here, e is the electron charge, a0 is the Bohr radius, me is the
electron mass, �h is Planck's constant, and c is the speed of
light. Pulse fields created by modern lasers may be several
orders of magnitude stronger; due to this, a laser pulse can
ionize cluster atoms as the result of an above-barrier
transition of electrons. Moreover, the same applies to the
ions being produced. Fast excitation of a cluster in the
absence of a heat removal mechanism leads to the strong
heating of the cluster's electron subsystem (up to 1 ± 10 keV).
In this case, atomic ions are practically unheated at the onset
of laser pulse action. After fast initial multiple ionization,
during the larger part of a laser pulse cluster ions constitute an
ideal plasma comprising electrons and multiply charged
atomic ions. A number of processes occur in a strongly
excited cluster during its excitation by a laser pulse and after
the pulse cessation [1 ± 11]. The cluster undergoes both
internal and external photoionization, Coulomb and hydro-
dynamic explosions with the concurrent generation of higher
harmonics and X-ray radiation, nuclear fusion, and neutron
production.

3.2 Mechanisms of atomic ionization
The process of interaction between intense IR laser pulses and
cluster atoms is substantially different from interactions of
intense pulses with atoms in the gaseous phase even though
the primary mechanism of atomic ionization and plasma
formation is common to both cases (tunnel or above-barrier
ionization of atoms). However, subsequent processes of
plasma ionization and heating are different. The atomic
number density in a gas being small, collisions between
electrons and ions over the time scale of a laser pulse are
rare. For this reason, the predominant mechanism of plasma
formation is direct optical ionization of the atoms by the laser
field. At radiation intensities used in such experiments
(1014ÿ1020 W cmÿ2), the first electrons arise from tunnel (or
above-barrier) ionization of the atoms [55].

Table 2. Keldysh parameter g, `quiver' amplitude of electrons xquiv, and
ponderomotive energy Ep for long- and short-wave laser radiation at
different intensities [8].

Intensity, W cmÿ2

Wavelength,
nm

1014 1016 1018

780 g
Ep, eV
xquiv, A

�

1.55
5.67
8.28

0.15
567
82.8

0.015
56.7�103

828

100 g
Ep, eV
xquiv, A

�

12.1
93� 10ÿ3

0.136

1.21
9.3
1.36

0.121
932
13.6

3.5 g
Ep, eV
xquiv, A

�

345
1� 10ÿ4

0.0002

34.5
0.01
0.002

3.45
1.1
0.02

464 G NMakarov Physics ±Uspekhi 52 (5)



There are three primary heating mechanisms operating in
a plasma produced by tunnel ionization of atoms in a gas. One
(above-threshold ionization, ATI) is the single atom effect. It
is realized through the absorption of additional energy from
the laser field during ionization; for a linearly polarized field,
this energy is estimated as follows [1]:

EATI � 2Up sinDj : �3:3�

Here, Up is the ponderomotive potential at the instant of
time when atoms undergo ionization, which is given [1] by
the expression Up (eV)� 9:3�10ÿ14 I (W cmÿ2� � l2 (mm),
and Dj is the phase counted off from the peak magnitude of
the laser electric field at which an atom is ionized. The
maximum energy of electrons in such a model amounts to
2Up. By way of example, in the case of helium atom
ionization (with radiation parameters l � 800 nm,
tp � 100 fs, I � 1017 W cmÿ2), one obtains EATI > 100 eV.
However, the peak of electron energy distribution falls on the
zero energies. Owing to this, the distribution `temperature'
[defined as kTe � �2=3�hE i] is rather low (around 40 eV).
Results of calculations [55] and experimental findings [56]
indicate that, in the general case, the plasma temperature
during ATI does not exceed 50 eV for the gases He, Ar, or Kr
under excitation by radiation pulses with a wavelength of
800 nm, duration of 100 fs, and intensity of 1017 W cmÿ2.

Another electron heating mechanism is attributed to
elastic Coulomb collisions of ions with electrons moving
under the action of a laser field in a gas [inverse bremsstrah-
lung (IBS)]. For typical gas densities, this mechanism is less
important than the ATI mechanism [57]. The energy deposi-
tion rate per electron may be written as

qEcol

qt
� 2neiUp ; �3:4�

where nei is the frequency of electron±ion collisions (normally
sought in the strong and weak field limits [1, 3, 4]). In the
strong field limit, it appears [1] that the plasma heating rate is
about 3 eV psÿ1 for anHe plasmawith a temperature of 10 eV
and ion number density of 1018 cmÿ3 at an intensity of
1016 W cmÿ2. This means that the contribution of this
mechanism to gas plasma heating in the general case for
subpicosecond laser pulses is insignificant.

The third plausible mechanism of gas plasma heating is
governed by simulated Raman scattering (SRS) [58]. How-
ever, it was shown in Refs [59, 60] (see also paper [1]) that this
mechanism proves to be important only at IR radiation
intensities above 1018 W cmÿ2, and less so at lower inten-
sities. In other words, temperatures of low-density gases of
interest exposed to IR laser pulses some 100 fs in length at
intensities below 1017 W cmÿ2 usually lie in the range from 10
to 50 eV. Much higher temperatures are achieved for clusters
where atomic number density is high and the number of
electron±electron and electron±ion collisions is great.
Mechanisms of cluster plasma ionization and heating are
briefly considered in Sections 3.3, 3.4, and 3.5 below.

3.3 Mechanisms of internal cluster ionization
Mechanisms of internal and external cluster ionization are
many [1, 3, 4, 8, 9]. We shall briefly consider only the best
known ones. Attention is usually focused on three mechan-
isms of internal ionization [1], playing the key role during
interactions between laser radiation and cluster atoms. The
first is direct optical (tunnel or above-barrier) ionization of

atoms. It is of special importance at the early stages of laser
pulse±cluster interaction because it gives rise to the initial
electrons that form the plasma. The tunnel ionization rate
may be calculated from the atomic ionization rate averaged
over the laser field cycle, which was devised in the classical
work by Ammosov, Delone, and Krainov [55]. This rate for
an arbitrary atom is given by the expression

Wtun � oa
�2l� 1��l� jmj�!
2 jmjjmj!�l� jmj�!

�
2e

n �

�n �
1

2pn �

� Ip

�
2F

p�2Ip�3=2
�1=2�

2�2Ip�3=2
F

�2n �ÿjmjÿ1

� exp

�
ÿ 2�2Ip�3=2

3F

�
: �3:5�

Here, l and m is the quantum numbers of angular momenta
(the rate is averaged over m for the electron shell), oa is the
atomic frequency (oa � 4:13� 1016 sÿ1), n � is the effective
principal quantum number, n��Z �2Ip�eV��ÿ1=2, Z is the ion
charge, F is the laser field strength in Hartree atomic units,
and Ip is the ionization potential in atomic units. The rate in
question is a strongly nonlinear one with respect to the laser
field. Laser radiation intensities of roughly 1014 W cmÿ2 are
usually needed to ensure efficacious tunnel ionization of
atoms in the event of subpicosecond pulses. For example,
100% ionization of Ar atoms under the effect of a 100-fs
pulse occurs when the peak radiation intensity amounts to
� 3� 1014 W cmÿ2 [1].

The above-barrier ionization can be described [3, 9] in the
framework of the Bethe approximation [61]. Assuming that
the released electron spends time in the Coulomb field of the
atomic core and the laser field does not change the ionization
potential of the atomic particle, the electric potential acting
on the electron has the form (in atomic units)

U � ÿZ

r
� Fx ; �3:6�

where r is the distance between the electron and the atomic
core, x is the coordinate along the field, Z is the atomic core
charge, and F is the actual wave field strength. The above-
barrier release of electrons takes place when the field strength
complies with relation [3, 61]

F >
I 2p
4Z

; �3:7�

where Ip is the ionization potential of an atomic particle.
Using the ionization potential of a hydrogen-like ion
Ip � Z 2I0=n

2 (I0 is the ionization potential of a hydrogen
atom in the ground state, and n is the principal quantum
number; the relation holds for large Z) brings about the
following equation for the maximum charge of an atomic ion
produced by a field of strength F:

Z � n4=3
�

F

Fa

�1=3

; �3:8�

where the parameter Fa is given by formula (3.1). Relation-
ship (3.8) makes it possible to evaluate the field strength
dependence of the ion charge [3, 9].

The second mechanism of cluster ionization is probably
the most important one in the case of cluster excitation by
near-IR pulses. It is attributed to ionization due to inelastic
electron±ion collisions within a cluster. As soon as optical
ionization yields primary electrons, the majority of ions in
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high-charge states appear as a result of collisional ionization
owing to high particle number density in the cluster. The rate
of collisional ionization is usually computed [1, 3, 7] from the
Lotz empirical formula [62]. The rate per ion averaged over
Maxwellian electron velocity distribution is defined by the
expression

WkT � ne
aiqi

Ip�kTe�1=2
�1
Ip=kTe

exp �ÿx�
x

dx ; �3:9�

where ne is the electron number density, Ip is the ionization
potential (in electron-volts), ai is an empirical constant
equaling 4:5� 10ÿ14 eV2 cmÿ3 [62], and qi is the number of
electrons in the outer ion shell. Electron energy must satisfy
the inequality kTe 5 Ip. For conditions realized in a cluster,
this rate may be rather high. By way of example, the rate of
argon atom ionization from Ar8� to Ar9� (Ip � 422 eV)
reaches 0.3 fsÿ1 in an argon cluster with solid-state density
and octuply ionized atoms (Z � 8, ne � 2� 1023 cmÿ3) at a
temperature of 1 keV. Therefore, this ionization mechanism
may be responsible for the formation of high-charge-state
ions at intensities much below the threshold ones necessary
for cluster tunnel ionization, provided the clusters are
sufficiently hot. Observe that tunnel ionization of Ar8� to
Ar9� acquires significance only at intensities above
1018 W cmÿ2 [1].

The third mechanism covers collisional ionization of
cluster atoms by electrons oscillating in the laser field.
Expression (3.9) takes account only of the collisional
ionization rate due to the electrons' thermal energy.
Electrons in a cluster also acquire the velocity component
related to their oscillating movements in the laser field. In
the general case, calculation of the ionization rate due to
electron oscillations is a difficult task posed by the large
number of Coulomb collisions encountered by electrons
that interfere with their sinusoidal movements. Nonethe-
less, the rate of ionization attributable to this mechanism
can be estimated from above regarding electron velocity as
purely sinusoidal. Such an estimation was undertaken in
Ref. [1]. The authors used the expression for the collisional
ionization cross section depending on the particle velocity,
which was proposed in Ref. [62]:

si � aiqi
ln�Ee=Ip�

EeIp
; �3:10�

whereEe is the electron kinetic energy, and Ip is the ionization
potential of the atoms. The ionization rate per ion is defined
as follows:

Wlas�t� � nesi
eFin

meo
j sinotj ; �3:11�

where Fin is the intracluster electric field [see relation (3.14)].
The collisional ionization rate per ion averaged over the

laser field period is given by [1]

Wlas � ne
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Notice that simpler expressions for the collisional ionization
rate of atoms inside a cluster at different Up-to-Ip ratios were
derived in Refs [3, 4, 7]. Figure 2a depicts the ionization rate
for Ar8� ions as a function of Up=Ip at an electron number
density of 1� 1023 cmÿ3. This rate is compared with the
thermal ionization rate defined by relation (3.9) as a function
of kTe=Ip. As follows from Fig. 2a, these two quantities are
commensurable if the plasma temperature is comparable to
the ponderomotive energy of the laser field inside the cluster.

3.4 Cluster heating mechanisms
Because the cluster thermal ionization rate is essentially
dependent on the electron temperature, it is important to
obtain an insight into the cluster heating mechanism. One of
the first studies addressing cluster ionization dynamics and
heating upon exposition to intense laser pulses was reported
in Ref. [1] and contained phenomenological consideration of
a cluster nanoplasma model. The authors analyzed interac-
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Figure 2. (a) Calculated rate of Ar8� ion ionization in a plasma with an

electron number density of 1023 cmÿ3 by thermally heated electrons (solid

line) and electrons set in motion by the laser field (dashed line) [1].

(b) Calculated rate of cluster heating by a laser pulse with a wavelength

of 825 nm and intensity of 1016 W cmÿ2, derived from relation (3.17)

depending on electron concentration for three collision frequencies [1].
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tions of a laser pulse with a cluster regarded as a small sphere
of high-density plasma. The number density of quasi-free
electrons inside the cluster, ne�t�, was assumed to be spatially
uniform but time-dependent. Time dependence of electron
density permits taking into account laser pulse-induced
dynamics. The assumption of plasma homogeneity requires
that the cluster size be significantly greater than the Debye
shielding length

lD �
��������������
kTe

4pe 2ne

s
: �3:13�

This quantity imposes limitations on the spatial size of a
plasma with electron temperature Te. For example, one finds
lD � 5 A

�
at kTe � 1000 eV for a plasma with a density of

1023 cmÿ3, typical of a solid. This means that the nanoplasma
model describes only clusters with radius R4 5 A

�
. Notice

that the concentration of electrons in a cluster at kTe � 1 keV
exceeds 1023 cmÿ3 due to multiple atomic ionization. Elec-
tron concentration increases with a further rise in tempera-
ture; owing to this, the Debye length lD always remains very
small compared with the size of the clusters considered in this
review.

Temporal evolution of electron density in themodel under
consideration is evaluated in the self-consistent wayÐ that is,
electric field Fin inside the cluster depends [via dielectric
constant e�o�] on electron density ne�t�, while density
variations ne�t� are controlled through the ionization of
atoms and ions by the electric field Fin. The cluster diameter
in the case of interest being much smaller than the laser
wavelength, it can be assumed that the field in the cluster
equals the field inside the dielectric sphere placed in a constant
electric field. This field is given by the expression [63]

Fin � 3

j2� e�o�j F ; �3:14�

where F is the electric field strength in a vacuum, and
dielectric constant is usually taken in the Drude form [64]:

e�o� � 1ÿ o 2
p

o�o� inei� ; �3:15�

where op �
����������������������
4pe 2ne=me

p
is the plasma frequency, and nei is

the electron±ion collision frequency.
Because the cluster is assumed to have no temperature

gradients, laser heating should be uniform throughout its
bulk. Also, it is supposed that the energy of laser excitation is
initially deposited into free electrons inside the cluster by
virtue of inverse bremsstrahlung. The electron heating rate
can be deduced from the rate of energy deposition into the
dielectric sphere. The heating rate averaged over the laser
field cycle is defined as [1]

dEe

dt
� o

8p
Im �e� jFinj2 : �3:16�

With relations (3.14) and (3.15) taken into account, the
heating rate per unit volume assumes the form [1]

dEe

dt
� 9o 2o 2

p n

8p
1

9o 2�o 2 � n 2��o 2
p �o 2

p ÿ 6o 2� jF j
2:

�3:17�

An important fact is that when electron density within a
cluster sphere is high, i.e., when ne=ne; cr 4 3 (where critical
electron density ne; cr � meo 2=4pe 2), then the field strength in
the cluster defined by expression (3.14) is smaller than the
field strength in the vacuum outside the cluster. Such laser
field shielding results in a decreased rate of cluster heating.
However, when ne=ne; cr � 3, function je�o� � 2j passes
through a minimum. In this case, the laser field inside the
cluster strengthens as opposed to the external field, and the
cluster heating accelerates [1]. The relative amplitude and
width of this resonance, referred to as Mie resonance [65],
depend on collision frequency nei. The ne=ne; cr dependences of
heating rates described by relation (3.17) for certain fixed
collision frequencies nei are shown in Fig. 2b. It can be seen
that the cluster heating rate grows with increasing electron
density, reaches a maximum, and falls again below its values
in a vacuum at ne=ne; cr 5 5.

Themodel of cluster plasma heating proposed in Ref. [66]
is based on similar ideas. However, electron density in a
cluster was assumed to depend on its radius: ne � ne�R; t�. It
was shown that the predominant mechanism of energy
absorption is attributed to resonant absorption by electrons
at the cluster surface, when the condition ne � 3ne; cr is
fulfilled. In the course of time, such resonant absorption
transfers from the cluster surface layers to the bulk and lasts a
rather long time (usually throughout the entire duration of
the exciting laser pulse, i.e., several hundred femtoseconds)
until maximum electron density in the bulk of the cluster
becomes lower than the above value.

The phenomenological approach to the description of
cluster excitation considered in the preceding paragraphs is
based on a number of approximations that need verification.
Certain later authors [67 ± 77] considered cluster excitation in
the framework of classical molecular dynamics. Modern
computers make possible a microscopic description of multi-
particle cluster dynamics. Many results of these works were
reviewed in recent publications [8, 9], others will be discussed
in Section 5.4 below. Here, we mention only the most
important issues ensuing from them.

The key idea behind consideration of cluster electrons [69]
that promotes a deeper understanding of physics and
successful numerical simulation proceeds from resolving
ionization into internal and external components (see also
Refs [3, 8, 9]). Internal ionization implies excitation of bound
electrons, giving rise to so-called quasi-free electrons. These
electrons are not coupled to individual atoms but remain
associated with a cluster ion as a whole, whose spatial charge
is strong enough to retain electrons. According to the
aforementioned models, such quasi-free electrons tend to
spread within a cluster in a classical way among ions and
other quasi-free electrons; therefore, computation takes
account of all mutual Coulomb forces. For traveling
electrons, consideration of their scattering from ions and
other electrons is of importance by reason of high particle
number density in the bulk of the cluster. Moreover, quasi-
free electrons can be additionally heated by IR and VUV
lasers and eventually injected into the continuum; in this way,
external ionization proceeds.

IR and VUV laser pulses exciting clusters act on electrons
as if they were a classical field. Quasi-free electrons affected
by the oscillating laser field undergo oscillations with a
sufficiently large amplitude (see Table 2) and strong heating
by virtue of inverse bremsstrahlung resulting from repeating
collisions of field-driven electrons with ions. In the event of
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high-frequency radiation, the field oscillates so fast that the
electron velocity has no time to increase appreciably. For this
reason, the laser field may be disregarded in classical
equations of electron motion.

Alternative mechanisms of cluster heating were also
considered in Refs [78 ± 80]. The authors of Ref. [80] arrived
at the conclusion that the principal mechanism is electron
heating induced by laser polarization. They expressed their
opinion that the phase difference between the oscillating
electron cloud of a cluster and the electron-driving laser field
results in radiation absorption and cluster heating. However,
it was argued somewhat later [81] that polarization interferes
with dephasing and cannot be responsible for enhanced
energy absorption. The authors of Ref. [81] proposed a
heating mechanism underlain by backscattering of quasi-
free electrons from ionic (non-Coulomb) potentials. Such
backscattering is a process during which electrons transfer
energy to the laser pulse electromagnetic field that is spent to
further heat electrons. According to the authors of Ref. [81],
this mechanism ensures an estimated tenfold rise in the yield
of X-ray radiation.

Absorption of laser pulses by atomic clusters with a
diameter of about 10 nm, an intensity of roughly
1016 W cmÿ2, and a resonance between the cluster plasma
frequency and the triple frequency of the titanium sapphire
laser was investigated in Refs [82 ± 84]. The resonance arises
and disappears in the course of cluster expansion. It is found
that enhanced atomic ionization proceeds at resonance,
resulting in the appearance of multiply charged ions within
the cluster. Simultaneously, the second harmonic of the laser
pulse is also generated.

It was reported in paper [85] that part of the quasi-free
electrons in a cluster absorb relatively high energy and pass
through the cluster for a single laser period. Disturbance of
electron harmonic oscillations at the cluster boundaries
results in the enhancement of energy absorption from the
laser field through inverse bremsstrahlung that may be highly
efficacious. The calculations performed in Ref. [86] indicate
that the efficiency of cluster heating through inverse brems-
strahlung is significantly higher (roughly by two orders of
magnitude) when account is taken of electron collisions with
the cluster ion as a whole rather than with individual atomic
ions. Detailed analysis of cluster interactions with intense
near-IR laser pulses and VUV pulses from FELs has recently
been reported in Refs [80, 87, 88]. These works will be
discussed in Section 5.4.

3.5 Mechanisms of external cluster ionization
Let us consider in brief mechanisms of cluster external
ionization and the formation of a cluster ion. In the case of
metal clusters, i.e., in the presence of conduction electrons,
the primary ionization mechanism consists in the removal of
these electrons from the cluster surface by the electromagnetic
field of the exciting laser pulse. This mechanism is generally
known as cold ionization [3] which ceases when the attracting
force between an electron and the newly formed cluster ion
exceeds the force exerted on the electron from the side of the
electromagnetic field. The charge Z 0 of the cluster ion
corresponding to the end of this process can be found from
the Coulomb law:

Z 0 � FR 2 : �3:18�
It should be noted that the number of electrons removed
from a cluster during cold ionization is small compared with

their total number. By way of example, in a sodium cluster
of radius R � 215 A

�
and with the number of atoms N � 106,

one finds Z 0 � 27300 at the field intensity 1015 W cmÿ2 (and
the field strength 8:5� 109 V cmÿ1) [3], whereas the number
of cluster electrons is ZN � 1:1� 107.

External ionization in rare gas clusters occurs due to the
lowering of the electrostatic barrier of the cluster ion by the
superstrong electromagnetic field of the laser pulse [3, 4, 89,
90]. Such electrons are supposed to leave both the parent
atom and the cluster within the atomic time
(� 10ÿ16ÿ10ÿ17 s). It was shown in Ref. [89] that above-
barrier ionization in a cluster comprising 1100 xenon atoms in
a laser field of intensity 1016 W cmÿ2 leads to the production
of a cluster ion with the chargeZ 0 � 1200. Further ionization
is governed by a different mechanism. The cluster ion thus
formedmay be treated as a conducting sphere with the charge
concentrated within a thin layer at its surface. The super-
strong Coulomb field in this layer knocks out additional
electrons from the nearest atomic ions, which are directed
toward the cluster center. These electrons pick up high speed
and then leave the cluster. As a result, the charge of the cluster
ion increases to Z 0 � 2600. This is the so-called ignition
mechanism [91]. For example, the strength of the electric
field at the surface of a cluster comprising 25 singly ionized
neon atoms is on the order of F � 5� 1012 V cmÿ1. The
above-barrier ionization in such a field is rather strong and
leads, in turn, to a further rise in the field strength. Thus, fields
created at the beginning of ionization `ignite' the cluster and
promote its further ionization (hence, the name of the
mechanism).

One more mechanism of electron emission from the
cluster surface is attributed to usual thermoelectronic emis-
sion. It is described [3] by the Richardson±Dushman formula
for the thermionic current from the spherical surface of the
cluster (in atomic units) [92, 93]:

dZ 0

dt
� A0T

2
e 4pR

2 exp

�
ÿ IZ 0

Te

�
: �3:19�

Here, A0 � 1=�2p�2 is the so-called Richardson parameter,
and the quantity IZ 0 � Z 0=R is the ionization potential of a
cluster ion with charge Z 04 1, when the work function may
be neglected. The results [3] indicate that thermionic emission
is a much more efficient mechanism of cluster ionization than
field (cold) emission. In the above example of a sodium cluster
with 106 atoms (and a total of 1:1� 107 electrons) at the laser
field intensity I � 1015 W cmÿ2, as many as 270,000 electrons
are emitted. Nevertheless, the degree of cluster ionization
remains low (about 2.4%).

Stochastic external ionization and strong stochastic
heating of clusters are considered in Ref. [94]. The author
believes that an electron randomly moving in an energy
space can gain sufficient energy to overcome cluster
potential and find itself in the continuum. In this case,
external ionization of the cluster occurs. Estimates of the
heating rate and external stochastic ionization time have
been obtained. Stochastic heating is also feasible in the
event of electron motion in a field of laser waves incident
on and reflected from a cluster. Especially strong cluster
heating by this mechanism is observed at relativistic
intensities of laser radiation [94]. To close this section, it
should be emphasized that yet other mechanisms of cluster
heating and external ionization exist (see, for instance,
Refs [3, 4, 8, 9]).

468 G NMakarov Physics ±Uspekhi 52 (5)



4. VUV free electron laser

High-power sources of X-ray radiation with the pulse length
in the femtosecond range are now demanded by many
scientific disciplines (physics, chemistry, biology, medicine,
materials science, geophysics) [45, 95 ± 97]. These sources
allow chemical reactions between atoms to be observed in
real time or instantaneous photographs of a complex
molecule to be obtained. Such radiation characterized by
extremely high intensity and tunable over a wide wavelength
range is generated by high-gain free electron lasers [98 ± 103].
Recent progress in accelerator technologies gives a reason to
think that FELs are the most promising sources of VUV and
X-ray radiation tunable across a broad spectral range [104 ±
108]. FELs have recently been shown to produce radiation
with a wavelength of 32 nm and a pulse length of 25 fs [50 ±
52], as well as with 13.3 nm and a pulse length of around 10 fs
[53]. It is expected to induce emission at a wavelength of 6 nm
[109] in the near future, and at 0.1 ± 0.15 nm by 2010 ± 2012
[104] (see Section 5.5.3). Laser radiation is characterized by a
rather high degree of coherence, and peak power of laser
pulses amounts approximately to 1 GW [50, 110, 111]. The
first successful experiments with such lasers yielded informa-
tion on their radiation characteristics [50, 110, 111] and
applications for excitation of atomic and cluster beams [51 ±
53, 112]. Their use in other physical experiments was reported
in Refs [53, 113, 114]. Results of the studies [113, 114] (see also
Ref. [115]) indicate that intense pulses of VUV radiation from
FELs may be utilized in many research and applied fields.

4.1 Principles of operation of a free electron laser
Let us consider the principles of operation of a high-gain FEL
producing pulses in theUV spectral region, exemplified by the
one based on the electron synchrotron built near Hamburg,
Germany in the framework of the TESLA (TeV-Energy
Superconducting Linear Accelerator) international project
[49, 50, 110, 111, 116]. This project is being implemented
jointly by 39 institutions in 9 countries, including Germany,
France, Italy, the USA, and Russia [49, 50]. The aim of the
project is to build up a 500GeV (in the center-of-mass system)
e�eÿ linear collider combined with an X-ray laser [96]. The
main components of this FEL are an accelerator generating a
high-energy bright electron beam and an undulator magnet.
Electrons propagate in the undulator at relativistic velocities
along an oscillatory path under the action of a periodic
sequence of transverse magnetic fields. They emit radiation
into a narrow band in the vicinity of the resonant wavelength
lph given by the relationship

lph � lu
2g 2

�
1� K 2

2

�
; �4:1�

where

g � Ee

mec 2
is the electron relativistic factor ; and

K � eBulu
2pmec

is the undulator parameter:

Here,Ee is the electron energy,me is the electron rest mass, e is
the elementary charge, c is the speed of light in vacuum, lu is
the undulator period, and Bu is the peak magnetic field in the
undulator.

Interactions between the electrons and radiation gener-
ated in the undulator account for large gains of the FEL
(5 103ÿ104). Due to this, an FEL can be employed to obtain
much more intense radiation compared with synchrotron
emission. If the charge density of the electron beam is
sufficiently high and the undulator is long enough, this
interaction induces a periodic charge density oscillation in
the electron bunch (beam) with the period given by the
resonance wavelength lph. Once this `microbunching' has
been induced, many of the electrons start to radiate
coherently at the resonant wavelength, thus increasing the
radiation intensity and, in turn, the electron density modula-
tion depth.

This mechanism leads to an exponential growth in
radiation intensity along the undulator. The high-gain FEL
considered here achieves laser effect and gain saturation
within a single pass of the electron beam through the
undulator [98 ± 103]. Therefore, this laser does not require a
set of mirrors as is the case in conventional lasers or in a low-
gain FEL. In other words, the high-gain FEL is a very
convenient source of radiation in the far UV region where
suitable mirrors are not available. The lasing process in a FEL
can be initiated by spontaneous undulator radiation, and the
FEL works then in the so-called SASE (Self-Amplified
Spontaneous Emission) mode [49, 102, 103, 116] without
needing an external trigger signal.

Radiation power in the SASE mode grows exponentially
with distance z along the undulator:

P�z� � AP in exp

�
2z

Lg

�
; �4:2�

where Lg is the radiation field amplification length, P in is the
power, and A is the coupling factor [101, 102]. In the case of
an ideal electron beam in the one-dimensional theory of
FELs, one finds A � 1=9 [49]. Because there are no tunable
lasers in the short-wave region, the initial driving signal P in is
the spontaneous undulator radiation emitted in the inlet
section of the device.

The SASE FEL considered in this section is capable of
providing a peak brilliance (the photon flux per given
frequency band and unit volume of the phase space) at least
eight orders of magnitude higher than that with synchrotron
radiation generated in storage rings [50, 97]. The half-height
pulse length of such radiation is around 100 fs, and almost
complete transverse coherence of the radiation is realized.
Twomajor advantages of an FEL are revealed by relationship
(4.1): the tunability of the wavelength by varying the electron
energy or the magnetic field intensity, and the possibility of
achieving a very short photon wavelength at high electron
energies. The shortest wavelength achieved in this mode of
operation up to now has been 13.3 nm [53], which was
successfully used in experiments [53].

4.2 Main FEL elements and characteristics
Since the first observation of FEL generation in the SASE
mode [49], the laser's elements and characteristics have been
constantly improved [49, 50, 110, 111]. First and foremost,
this is necessary for the achievement of maximum gain and
generation in a shorter wave range [50, 104, 109]. Maximum
gain and its saturation have already been achieved [49, 116],
while generation was observed at a wavelength of 13.3 nm
[53]. The elements and assembly of an FEL are schematically
shown in Fig. 3. Electron beams are produced in the
photoinjector (electron gun) by a train of laser pulses [117]
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and accelerated to the energy of 445 MeV at the linear
accelerator [118]. Beam charges between 0.5 and 1 nC were
used. At intermediate energies of 125 and 380 MeV, the
electron bunches are longitudinally compressed [119],
thereby increasing the peak current from the initial 50 ± 80 A
to approximately 1 ± 2 kA as required for FEL operation. The
30-m long undulator [120] consists of NbFeB permanent
magnets with the fixed gaps of 12 mm, a period length
lu � 27:3 mm, and a peak magnetic field Bu � 0:47 T. The
two-pole magnet at the undulator output deflects the electron
beam into a damp, while the FEL radiation propagates to the
measurement room. The main characteristics of the laser are
presented in Table 3.

The FEL operation demands a bunched electron beam of
extremely high quality, specifically high peak current, a small
emittance, a small velocity spread, and a short bunch length.
Such a beam can be produced at linear but not circular
accelerators. The electron injector consists of a laser-driven
photocathode in a radio-frequency cavity operating at
1.3 GHz with a peak accelerating field of 40 MV mÿ1 at the
cathode [117]. The Cs2Te cathode is illuminated by a
Gaussian-shaped UV laser pulse of 4 ps duration generated
in a mode-locked solid-state laser generating a train of pulses.
The laser pulse is synchronized with a radiofrequency pulse.

The electron injector section is followed by a total of five
12.2-m long accelerating modules (Fig. 3) which provide the
beam energy of roughly 440 MeV required for the FEL
operation at a 32-nm radiation wavelength according to

Eqn (4.1). The accelerator is actually capable of providing
even higher energies for electrons; it makes possible laser
radiation emission in a range of about 10 nm [53]. The
undulator system is divided into 6 segments, each 4.5 m
long. Intervals of 60 cm between the segments contain
quadrupole magnets for electron beam focusing and diag-
nostics. A very close overlap between the electron beam and
the radiation field generated inside the undulator is indis-
pensable for normal FEL operation, hence the necessity of
thorough adjustment of all the system's elements. The results
of experiments [50] indicate that the fields formed in all
undulator modules are of very high quality; due to this, the
expected deflections of electron orbits from ideal ones do not
exceed 10 mm [50].

Electron gun

Laser

4 MeV

Accelerator modules Collimator

Undulator

Electron beam dump

Photon beam
Bunch
compressor

125 MeV

Bunch
compressor

380 MeV 440 MeV

Figure 3. Schematic of the VUV free electron laser at the Hamburg linear accelerator [50].

Table 3. Main characteristics of the VUV free electron laser [49, 50, 110,
111].

Electron beam

Beam energy, MeV

Beam (bunch) charge, nC

Charge of the beam emitting section, nC

Peak current, kA

Root-mean-square deviation of the energy, keV

240 ë 440
2.7 ë 3.3
0.1 ë 0.2
1.3� 0.3
150� 50

Undulator

Period lu, cm
Peak field, T

Mean b-function, m
Magnet length, m

2.73
0.47
1.2
13.5

Laser radiation

Wavelength, nm

Pulse energy, mJ
Half-height pulse length, fs

Peak radiation power, GW

Mean radiation power, mW

Half-height spectrum width

Spot size at the undulator output, mm
Half-height radiation divergence, mrad

13.6 ë 180
30 ë 100
50�50ÿ20
1
up to 5
1% of the
wavelength
250
130� 30
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Figure 4. (a) Region of VUV-FEL wavelength tuning by varying the

electron beam energy. After the beam energy reaches 1 GeV (stage 2), the

laser starts to generate in the soft X-ray range [111]. (b) Mean energy in a

FEL pulse depending on the undulator's active length. CirclesÐ experi-
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4.3 FEL radiation properties
The main characteristics of FEL radiation (gain coefficient,
angular divergence, pulse energy and length, pulse energy
dispersion, and pulse spectral width) were investigated both
in experiment [49, 50, 111] and by simulation [121 ± 123]. An
FELwas operated for the first time in the SASEmode in 2000
[49, 116]. The gain coefficient during a single pass was found
to exceed 103 and even 104. A variation in the accelerator
energy revealed wavelength tuning within a rather broad
range from 80 to 180 nm (Fig. 4a). Thereafter, a maximum
laser gain was achieved and the gain coefficient was shown to
saturate across the entire range [110, 111]. Figure 4b demon-
strates the dependence of the measured energy in the
radiation pulse on the active length of the undulator, defined
as the distance over which electron and photon beams
overlap. These measurements were made at a wavelength of
98 nm [111]. Figure 4b clearly demonstrates the exponential
growth of the FEL energy (power) with the undulator length
in the SASE regime. For the characteristic length of power
amplification, the above dependence gives Lg � 67� 5 cm.
The pulse energy ranges from 10 to 100 mJ depending on the
radiation wavelength and the electron beam charge. The
estimated pulse energy may be as high as 100mJ at a
wavelength of 30 nm and an electron beam charge of 1 nC
according to calculations [119, 122].

An important parameter of a laser beam is angular
divergence (spatial coherence). Figure 5a shows an image
induced by a laser pulse on a Ce:YAG crystal placed on the
laser beam path behind the gold mesh of a multichannel
detector. The mesh was mounted 18.5 m downstream from
the undulator exit aperture. The wires are clearly visible.
From the wire spacing of 0.31 mm, image analysis yields a
half-height laser spot size of 3 mm. This corresponds to a
beam half-height angular divergence of 130�30 mrad, the
error being mainly due to the uncertainty of the longitudinal
position of the point at which the laser process starts from
spontaneous noise. There is a good agreement with the
simulated angular divergence (Fig. 5b). The observed
angular divergence is comparable to the diffraction diver-
gence, which is a clear indication of a high degree of
transverse coherence of the laser beam [50].

Radiation pulses of the SASE FEL are characterized by
marked energy dispersion. Figure 6 depicts the measured
energies of many successive pulses. A large fluctuation is seen,
which is to be expected since the amplification starts from

shot noise. Theoretically, the laser pulse energy should
fluctuate [49] in accordance with the gamma-distribution:

p�E � � MM

G�M �
�

E

hE i
�Mÿ1

1

hE i exp
�
ÿM

E

hE i
�
; �4:3�

where

M � hE i2
�Eÿ hE i�2� ;
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Figure 5. (a) Image of a single radiation pulse from a VUVFEL on a Ce:YaG crystal behind the gold wire mesh of a multichannel detector. (b) Simulated

[119] angular divergence of the FEL radiation intensity in the far zone [50].
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the variance of the pulse energy fluctuations illustrated in figure (a) [50].
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provided the FEL gain process is in the regime of exponential
growth [103, 122]. Here, hE i is themean photon energy, andG
is the gamma-function. Parameter M is the inverse of the
normalized variance of E. It defines the number of optical
modes in the radiation pulse and provides a relationship
between the number of spikes in the single-pulse generation
spectrum and the fluctuations of pulse energy. The measured
histogram in Fig. 6b fits nicely with the gamma-distribution
(4.3) atM � 4:1.

The pulse length of laser radiation was found from
measurements of the pulse spectral width (Fig. 7). The
spectra of three pulses shown in Fig. 7a were taken with a
grating spectrometer (0.04-nm resolution) equipped with an
intensified CCD camera. The half-height pulse duration
was obtained from the spectral width Do of the spikes in
the single-pulse spectrum using the relation trad �
2p=�Do� � 25� 5 fs. With the mean radiation pulse
energy of 10 mJ, this corresponds to an average power of
0.4 GW for the FEL pulse and approximately 1 GW inside
the spikes. Note that the FEL pulse duration can also be
roughly estimated from the peak portion length of the
electron bunch that equaled 50 fs in the experiments being
described [50]. One more important parameter in many
experiments is the brightness of laser radiation. For a VUV
FEL emitting at a wavelength of 30 nm, the maximum
brightness is close to 1028 photons/(smm2 mrad2) in 0.1%of
the bandwidth [50].

5. Cluster spectroscopy by intense pulses
of VUV radiation

5.1 Early experiments. Absorption of radiation by clusters
5.1.1 Results of observations. The first experiments on cluster
excitation by VUV emission from FELs were reported by
Wabnitz et al. [124]. The authors investigated interactions of
intense FEL radiation (l � 98 nm) with xenon atoms and
clusters. These objects were chosen because they can be
ionized by single photons of a given wavelength with an
energy of 12.7 eV, the ionization energy of xenon atoms being
12.13 eV [125]. The atoms and clusters were exposed to pulses
of about 100 fs duration and an intensity from 4�1010 to
7�1013 W cmÿ2. The resulting ions were detected by a time-
of-flight mass spectrometer.

The ions exhibited very broad mass peaks (Fig. 8),
suggesting their rather high kinetic energy associated with a
Coulomb explosion of clusters. The number of ions with
different charges and their kinetic energy strongly depend on
the intensity of exciting radiation as displayed in Fig. 8 which
presents mass spectra of the ions produced upon excitation of
xenon clusters comprising 1500 atoms. At the highest
intensity reached in this experiment, 7� 1013 W cmÿ2, ions
with a charge of up to ZÿNe � 8 (Ne is the number of
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Figure 7. (a) Spectra of three single VUV-FEL radiation pulses.
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remained ion electrons) were obtained. The ion peak intensity
corresponding to multiply charged ions dropped sharply with
a decrease in exciting radiation intensity. For example, only
singly charged Xe� ions with rather high kinetic energy were
detected at the intensity of 2� 1011 W cmÿ2.

The strong intensity dependence of the signals clearly
indicates that nonlinear optical processes predominate at the
power levels being used. When the intensity grows from
2� 1011 to 7� 1013 W cmÿ2, the average charge increases
from 1 to about 2.5. This means that at the highest intensity
each atom in a cluster of 1500 xenon atoms loses, on average,
2 ± 3 electrons [124].

The mean kinetic energy of ions found from the time-of-
flight measurements (Fig. 8) shows a strong dependence on
the cluster charge and size. The kinetic energy of a Xe7� ion is
above 2 keV. In small clusters, it grows quadratically as their
charge increases. Such a behavior provides strong evidence
that the cluster disintegrates in aCoulomb explosion [126]. As
follows from Fig. 8, up to a few hundred electron-volts of
energy per atom are absorbed from the laser pulse field.

The effects in clusters excited by short-wave VUV
radiation as described in Ref. [124] are surprising because
a Coulomb explosion starts at an intensity as low as
1011 W cmÿ2, or much smaller than is necessary for a
Coulomb explosion in the IR region. Moreover, the
frequency of exciting radiation is so high that the direct
effect of the laser field on electron motion is insignificant
[127]. The experiments being considered demonstrated that
field ionization, a predominant process of cluster ionization
by IR radiation, makes no contribution to the ionization
process in the case of an FEL at 98 nm. Nor is the electron
motion induced by the electric field of a laser pulse a critical
factor in these experiments, and there must be no laser-
induced direct ejection of electrons from the cluster. Conse-
quently, additional processes and other ionization mechan-
isms need to be considered to gain greater insight into the
absorption, ionization, and cluster explosion dynamics under
excitation by UV radiation from an FEL.

5.1.2 Interpretation of results. The authors of Ref. [124]
regarded cluster ionization as a two-step process in analogy
with ionization by IR radiation [69, 128]. At the first stage,
atoms in a cluster lose at least one electron each, which then
start to move almost freely inside the cluster (internal
ionization). At the second stage, electrons move off from the
cluster to infinity (external ionization). Internal ionization is
easy to account for by the fact that the FEL photon energy is
higher than the Xe ionization energy. Therefore, valence
electrons in a cluster may be supposed to change to excited
states (conduction zone). At an intensity above 1013 W cmÿ2,
such a transfer takes the first several femtoseconds of the FEL
pulse by virtue of a very large absorption cross section (30 ±
50 Mb) [129].

In order to better understand radiation absorption
processes and ionization mechanisms, the authors of
Ref. [124] simulated motion of free electrons in Xe13 and
Xe55 clusters, taking into account forces by which they are
acted on by cluster ions and electrons and by the laser pulse
field. It was found that electrons are isotropically emitted
from the cluster at a laser wavelength of 98 nm and intensities
of 1014 and 1016 W cmÿ2, as opposed to typical experiments
with optically-pumped lasers (800 nm, 1016 W cmÿ2) where
most electrons were emitted parallel to the polarization
direction of the pulse electric field. This confirms the field

ionization of clusters in the latter case. A similar result was
obtained in Ref. [130] (Fig. 9). Conversely, the isotropic
emission of electrons from a cluster in the case of their
excitation by an FEL at 98 nm suggests the absence of field
ionization. The authors argue that an electron is multiply
scattered inside the cluster before leaving it; as a result, the
cluster is strongly heated.

Also, the authors of Ref. [124] hypothesize that multiply
charged ions form at the cluster surface by means of field
ionization in the strong Coulomb field of intracluster ions [70,
91]. The electric field strength at the surface of a large high-
charge cluster is usually 10 ± 50 V A

� ÿ1
or almost 20 times the

FEL field strength at an intensity of 1014 W cmÿ2. For Xe8�

ions to form, the field strength should be around 30 V A
� ÿ1

[131]. The above line of reasoning explains the formation of
multiply charged ions for cluster excitation by UV light from
an FEL [130, 132 ± 134]. However, it does not explain why
such high-charge states are unobservable when xenon clusters
are excited by intense IR pulses. It may be conjectured that
the high-charge states of xenon clusters excited by FEL UV
radiation are formed due to collisional ionization and
thermalization of the clusters (see Section 5.4). Later studies
[133] demonstrated that electrons emitted from a cluster are

20 fs
10 fs

2000

�y
2
�
z2
�1=

2
,A
�

800 nm
1016 W cmÿ2

0

ÿ2000

ÿ4000 ÿ2000 0 2000 4000
x, A

�

20 fs
10 fs

�y
2
�
z2
�1=

2
,A
�

98 nm
1016 W cmÿ2

ÿ4000 ÿ2000 0 2000 4000
x, A

�

2000

0

ÿ2000

100 fs
20 fs
10 fs

�y
2
�
z2
�1=

2
,A
�

98 nm
1014 W cmÿ2

ÿ4000 ÿ2000 0 2000 4000
x, A

�

2000

0

ÿ2000

Figure 9. Results of calculations of electron motion and the ionization

process for Xe13 clusters after their exposure to IR or soft X-ray radiation.

Electron trajectories are computed for 100-fs laser pulses having a similar

energy in both exposition regimes. Electrons are shown in the positions

they occupied 10, 20, and 100 fs after the onset of exposure to the laser

pulse. Laser radiation is polarized parallel to the x-axis [130].

May 2009 The spectroscopy of clusters by intense pulses of VUV radiation from free electron lasers 473



characterized by the Boltzmann energy distribution and their
mean temperature under UV excitation is only 30 ± 40 eV,
compared with 1 ± 10 keV when excited by IR radiation at
800 nm. Thus, the data obtained suggest different mechan-
isms of cluster ionization by IR and UV radiation; they also
demonstrate the high efficiency of cluster excitation by FEL
UV radiation.

5.2 Photoelectron spectroscopy of clusters
Photoelectron spectroscopy, as opposed to mass spectro-
scopy, gives additional and more detailed information about
nonlinear processes developing when atoms and clusters are
excited by intense radiation. Suffice it to say that the
observation of high-energy electrons (up to 3 keV) during
cluster excitation by optical pulses is in line with the
description of cluster±radiation interaction in the framework
of the so-called cluster nanoplasma model [1, 3, 135]. An
essential question arises which concepts for the description of
the absorption and ionization of matter excited by pulses of
visible wavelengths are applicable to the case of its excitation
by intense VUV pulses. The answer is of importance not only
for cluster physics but also for understanding interactions
between matter and radiation. Investigations into the photo-
emission of electrons and ions may clarify this problem by
providing information on ionization mechanisms in the
short-wave limit.

A detailed study [133] of cluster ionization by intense
VUV radiation from an FEL operating at 95 nm used
photoelectron spectroscopy and the computations in the
Thomas ±Fermi model [126]. Laser radiation intensity was
� 4� 1012 W cmÿ2, while ArN and XeN clusters contained
70 ± 900 atoms each. The clusters formed during supersonic
gas outflow from a nozzle. Their mean size was changed

between 70 and 900 atoms by varying gas pressure above the
nozzle [136]. FEL radiation (�ho � 13 eV, pulse length
� 100 fs, and pulse energy 0.3 ± 5 mJ) was focused by an
elliptical mirror onto a cluster beam; the spot size was
roughly 20 mm. Maximum radiation intensity at the focus
point reached 1014 W cmÿ2. Electrons arising from cluster±
radiation interaction were detected in the laser polarization
direction by the microchannel plate of the time-of-flight mass
spectrometer. This method permitted analyzing electron
kinetic energy in a range from a few electron-volts to several
kiloelectron-volts. The experimental electron distribution
curve I�t� was converted to the energy distribution curve
I�E �, taking into account that I�E � / t 3I�t�. Figure 10
displays photoelectron spectra taken from Ar300 clusters (a),
Ar atoms (b), Xe70 clusters (c), andXe atoms (d) irradiated by
VUV pulses at an intensity of� 4� 1012 W cmÿ2. At such an
intensity, clusters of rare gases totally disintegrate into
multiply charged atomic fragments in a Coulomb explosion
[124, 132].

Interactions of clusters with VUV radiation give rise to a
broad distribution of photoelectrons over kinetic energy. The
electron energy decreases roughly exponentially in accor-
dance with the relationship

w�Ee� � w0 exp

�
ÿ Ee

E0

�
; �5:1�

where E0 � 8:5 eV (for Ar), and � 8:9 eV (for Xe). The ArN
spectrum exhibits a quite apparent asymmetric peak at
10.4 eV, besides these `thermal' electrons. It can be concluded
from the comparison of photoelectron spectra ofArN clusters
and Ar atoms (Fig. 10b) that this peak is associated with two-
photon ionization of neutral Ar atoms present in the cluster
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beam. Note that the energy of an FEL photon is significantly
lower than the first ionization potential ofAr atoms (15.76 eV)
but higher than that of Xe atoms (12.13 eV). This means that
two photons are needed to ionize an Ar atom, and only one to
ionize anXe atom. Studies on the relationship between cluster
size (Ar300 and Ar900) and kinetic energy distribution of
emitted electrons at an identical intensity of FEL pulses
showed that the electron energy increases with cluster size
[133].

The main result obtained in Ref. [133] resides in the
discovery of a small maximum kinetic energy (4 40 eV) of
electrons emitted from clusters exposed to VUV radiation
pulses from an FEL. The energy distribution roughly
corresponds to the thermal (Boltzmann) distribution, in
contrast to the case of cluster excitation by high-intensity
optical pulses when clusters emit electrons with an energy of
several kiloelectron-volts [1, 3, 9, 135].

In order to obtain a deeper insight into the ionization
process, in particular, the formation of the thermal distribu-
tion of emitted photoelectrons, the authors of Ref. [133] made
calculations for Ar55 clusters based on a nonstationary
Thomas ±Fermi model [126]. In this model, oscillations of
an electron cloud inside a cluster are regarded as themotion of
a fluid having a certain density and velocity.We shall consider
the main results of this work without going into calculation
details. Figure 11a, b presents calculated spectra of the kinetic
energy of free electrons emitted in an explosion (expansion) of
clusters irradiated by VUV pulses at peak intensities 1014 and
1012 W cmÿ2. The exponential (thermal) character of elec-
tron energy distributions is clearly apparent; they corre-
spond to electron gas temperature E0 � 6:6� 0:4 eV (a)
and 4:2� 0:2 eV (b). The mean kinetic energy of photoelec-
trons shifts toward higher values with a rise in the exciting
pulse intensity. The computed electron temperature at an
intensity of 1012 W cmÿ2 is roughly two times lower than the
observed one. The authors of Ref. [133] attribute this
difference to the fact that calculations were made (to save
computer time) for a smaller cluster Ar55 in comparison with
Ar300 used in the experiment (the kinetic energy of electrons
being much greater for bigger clusters) [133].

The photoelectron spectra presented in Fig. 11a, b give
direct experimental evidence of heat-activated emission of
electrons. Such a process has recently been predicted theore-
tically [130], even if disregarding ion dynamics. The ionization
process can be interpreted as follows. The Keldysh parameter
during cluster excitation by VUV radiation from an FEL is
g4 1; therefore, multiphoton ionization of cluster atoms
takes place [124] as also confirmed by experimental examina-
tion of two-photon ionization of neutral Ar atoms (Fig. 10b).
For this reason, internal ionization of clusters at the onset of
their interaction with a VUV pulse occurs first and foremost
via two-photon (for Ar clusters) or single-photon (for Xe
clusters) absorption by intracluster atoms. A few femtose-
conds later a plasma forms, and the overwhelmingmajority of
the emerging electrons are bound by Coulomb forces to the
dense ionic nucleus of the cluster. In this case, energy
deposition is mainly controlled by collisional heating of the
plasma [74, 137, 138], which is more efficient in large clusters
and at higher intensities (Fig. 11a, b). Quasi-free electrons
inside the cluster receive sufficiently high energy, enabling
them to overcome the potential barrier and leave the dense
cluster ionic nucleus. Thus, external cluster ionization occurs.

Additional data on ionization dynamics were obtained by
calculating the number of emitted electrons depending on

exposure time (Fig. 11c). Calculations were made for the
radiation intensity of 1012 W cmÿ2 (as shown in Fig. 11b).
The dependence thus obtained clearly indicates that at the
onset of a VUV pulse, when the plasma has already formed,
the strong Coulomb attraction practically blocks the escape
of electrons from the cluster. Such a behavior is altogether
different from the case of cluster excitation in the visible
range, when a major portion of electrons are instantaneously
`pushed out' from the cluster surface by the leading edge of
the laser pulse in the laser polarization direction as a result of
field ionization [130, 135] (see Section 5.1 and Fig. 9).

As seen in Fig. 11c, most electrons are emitted after a lag,
i.e., after the FEL pulse has passed and ion expansions have
started. In large clusters (N > 1000), a major part of the
electrons are emitted after the switch-off of the pulse. The
inset to Fig. 11c shows a two-dimensional projection of
pseudoparticles simulating electrons. This snapshot
obtained 200 fs after the onset of the pulse clearly shows
that electron emission proceeds further in time and has an
isotropic nature (see also Section 5.1 and Fig 9). These
findings are interpreted as follows. The results of calcula-
tions suggest that electrons undergomultiple scattering inside

5 10 15 20 25 30 35 40

Kinetic energy, eV

0.2

S
ig
n
al
,r
el
.u

n
it
s

0.1

0
0.2

0.1

0

aAr55
t � 100 fs
hn � 12.7 eV

b

I � 1014 W cmÿ2

I � 1012 W cmÿ2

Calculations
Exponent

60

50

50

40

30

20

10

0

4

0

ÿ4

ÿ8 ÿ4 0 4 8
Distance, nm

D
is
ta
n
ce
,n

m

N
u
m
b
er

o
f
fr
ee

el
ec
tr
o
n
s

100 150 200 250

Time, fs

c

Figure 11. Theoretical photoelectron spectra of Ar55 clusters exposed to

laser pulse radiation with peak intensities of 1014 W cmÿ2 (a) and

1012 W cmÿ2 (b) computed based on the nonstationary Thomas±Fermi

model. Exponential dependences show adjustable values for electron

kinetic energy distributions [133]. (c) Calculated number of emitted

electrons depending on cluster exposure time at 1012 W cmÿ2. The inset

presents two-dimensional projection of pseudoparticles showing electron

density distribution `as of the time of the snapshot' at the end of the laser

pulse [133].

May 2009 The spectroscopy of clusters by intense pulses of VUV radiation from free electron lasers 475



a cluster before external ionization causes statistical redis-
tribution of the energy between electronic degrees of freedom
[139]. The FEL pulse duration being small compared with the
characteristic electron±phonon coupling time (ca. 10ÿ12 s),
the electron temperature established immediately after pulse
excitation is considerably higher than the ion temperature
because the absorbed laser energy is most of all spent to ionize
atoms and heat electron gas. Electrons located near the
cluster surface and belonging to the high-energy tail of the
temperature distribution may break away from the cluster in
the course of Coulomb expansion due to the lowering of the
Coulomb barrier. This accounts for the delayed release of
thermally excited electrons, which can be referred to as
thermal electron emission, in contrast to thermionic emission
characterized by equilibrium between electronic and nuclear
degrees of freedom [140].

Photofragmentation of ArN clusters (N � 103) during
irradiation by 25-fs FEL pulses at a wavelength of 32 nm
(�ho � 38 eV) and an intensity of 3� 1013 W cmÿ2 has
recently been investigated by time-of-flight spectroscopy
[141]. The energy of emitted photoelectrons was found to
vary from 2 to 23 eV, and photoelectron dynamics differed
from that of excitation at a wavelength of 95 nm
(�ho � 12:7 eV). The authors observed intense instantaneous
emission of electrons from the clusters, in addition to the slow
thermal electron emission characteristic of cluster excitation
at l � 95 nm. This fast emission involved electrons that had
acquired rather high kinetic energy (Ee � �hoÿ Ip � 22:2 eV)
through primary atomic ionization and surmounted the
potential barrier of the cluster ion.

To conclude this section, the available data indicate that
the excitation of atomic clusters by intense VUV pulses of
FEL radiation results in a rather low kinetic energy of
electrons emitted from the clusters. At a peak laser intensity
of � 4� 1012 W cmÿ2, kinetic energy distribution of emitted
electrons decreases exponentially to 30 ± 40 eV. The char-
acteristic electron temperature is below 10 eV. Calculations
based on the nonstationary Thomas ±Fermi model taking
into account the effects of collisional heating of electrons
confirm the cluster ionization to be a thermal electron
emission. Low-energy electrons leave a cluster after a time
lag. The emission of electrons is isotropic and independent of
laser polarization. These evidences are in obvious conflict
with the results of experiments on cluster excitation at optical
frequencies, when the following two processes take place: (1)
field ionization with the release of surface electrons at the
leading edge of a laser pulse, and (2) delayed emission of high-
energy (5 1 keV) electrons described by a nanoplasma
model. Also, different ionization mechanisms explain why
electrons emitted during interaction between clusters and
VUV radiation have a much lower energy than electrons
released from clusters excited in the visible range.

5.3 Photoion spectroscopy of clusters
The excitation of ArN clusters (N � 170ÿ900) by intense
VUV-FEL pulses was investigated in Ref. [132] by photoion
spectroscopy. The radiation wavelength of the laser could be
tunable in a rather broad range from 80 to 120 nm, which
allowed emission to be tuned to resonance with the absorp-
tion bands of bulk and surface excitons in argon clusters,
falling at 100 nm and 105 nm, respectively [142]. This
approach made it possible to study the effects of the
excitation energy on cluster absorption in the case of
resonant and nonresonant excitation. Argon clusters were

formed upon supersonic gas outflow from a conical nozzle
with an outlet orifice of diameter 100 mm and a total spread
angle of 30�. Mean cluster size (N � 170ÿ900) was varied by
changing gas pressure above the nozzle. FEL pulse energy
ranged from 0.3 to 5 mJ, while the pulse duration varied
around 50 fs. Laser light was focused onto a 20-mm spot.
Under these conditions, maximum radiation intensity at the
focus amounted to 1013 W cmÿ2. The ions thus produced
were detected in a time-of-flight mass spectrometer with a
microchannel plate as the detector.

The dependence of the energy deposited into a cluster on a
concrete electronic structure corresponding to bulk and
surface atoms [142] was studied by tuning the laser wave-
length to the respective absorption bands of the cluster, as
shown in Fig. 12 for Ar800 clusters. The spectrum depicted in
Fig. 12 was obtained in Ref. [142] by the excitation of
fluorescence using synchrotron radiation. Fixing the FEL
radiation wavelength at 105, 100.8, and 96.6 nm made it
possible to implement site-selective excitation of intracluster
atoms, notwithstanding a rather broad laser emission spec-
trum (ca. 0.5 ± 1% of the radiation wavelength).

Figure 13a displays time-of-flight spectra obtained by
exciting argon clusters at three different wavelengths and
identical peak intensities around 1:5� 1013 W cmÿ2. It can
be seen that the Ar900 clusters totally disintegrate into
multiply charged atomic fragments. A good few photons
are absorbed from the laser field. Notice that at least two
FEL photons are needed to ionize an argon atom, since its
ionization potential amounts to 15.76 eV [125]. The
distribution of ionic fragments Ar q� over kinetic energies
can be deduced from the ions' time of flight. It directly
provides information on the efficiency of energy deposition
into the clusters. At a laser peak intensity of about
1013 W cmÿ2, cluster ionization goes independent of the
exciting radiation wavelength, meaning that the electronic
structure of the initially excited states has no effect on the
ionization process at such intensity. Energy depositions are
identical in cases of resonant excitation of bulk or surface
excitons and of nonresonant cluster excitation, as seen in
Fig. 13a from the similar kinetic energy distributions of
Ar q� fragments. Conversely, mass spectra are significantly
different at a low peak radiation intensity of about
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1011 W cmÿ2 achieved by displacing the cluster beam 3 mm
from the focal point (Fig. 13b). Nonresonant excitation
produces peaks of large cluster fragments (Ar�2 , Ar�3 ).

These results can be understood bearing in mind that a
Coulomb explosion of clusters is under the control of the
ionization process and of the cluster plasma heating rate.
Therefore, the total energy absorbed from a laser pulse is
essentially dependent on the internal ionization rate; it
determines both density and heating rate of the plasma
being formed (see Sections 3.3 and 3.4). In this context, the
energy absorbed by argon clusters at a laser peak intensity of
about 1:5� 1013 W cmÿ2 is controlled largely by the plasma
heating rate, whereas the limiting factor of energy absorption
at low peak intensity (1:9� 1011 W cmÿ2) is the internal
ionization rate for the initial part of the laser pulse. In these
conditions, the electronic structure of the clusters starts to
play an important role, which accounts for the large
difference between absorption cross sections in cases of
resonant and nonresonant excitation. In the latter case, the
absorbed energy is smaller; as a result, mass spectra exhibit
peaks corresponding to large fragments. When the number of
absorbed photons exceeds a certain critical value, ion peaks of
Ar�2 , Ar�3 lower because the clusters undergo fragmentation,
mostly into atomic ions.

Figure 13c depicts the dependences of the relative content
of Ar�2 and Ar�3 ions in the mass spectrum of Ar900 clusters
on peak intensity of exciting radiation in resonant and
nonresonant excitations of cluster bulk excitons. When the
intensity is higher than that of exciton absorption saturation,
Iexc � 4� 1011 W cmÿ2, resonant excitation leads to the
complete disintegration of the cluster. On the other hand,
nonresonant excitation at the same intensity produces a mass
spectrum showing a large number of Ar�2 ions. The two
curves coincide at a somewhat higher intensity,
� 1:8� 1012 W cmÿ2. This means that strongly absorbing
exciton states no longer accelerate internal ionization at high
radiation intensities. Therefore, it may be supposed that
during the first femtoseconds in this regime each atom in an
argon cluster becomes singly ionized due to the simultaneous
absorption of two photons from the laser pulse field. Thus,
effects observed at high intensities can be explained in the
following way. Initial ionization of cluster atoms gives rise to
a plasma initially containing one free electron per ion. At this
stage, the energy deposition critically depends on ion density
and average charge per ion. Quasi-free electrons receive via
collisional heating the energy sufficient to overcome the
potential barrier and leave the dense cluster nucleus in the
course of thermal electron emission [124].

In order to determine the mean charge state of a cluster
and the total energy it absorbed, the authors of Ref. [132]
simulated time-of-flightmass spectra obtained in experiments
which were based on measurements of the mean kinetic
energy and distribution width of ion fragments
(Ar�ÿAr6�). Figure 14a presents the results of calculations
for ArN clusters of 170 atoms exposed to FEL irradiation in
the absorption band of bulk excitons at an intensity of
3:2� 1013 W cmÿ2 and a wavelength of 100.8 nm. Experi-
mental findings are displayed in Fig. 14b for comparison.
Calculated and observed values appear to be in fairly good
agreement. Calculations indicate that each atom in the cluster
loses two electrons and absorbs up to 20 photons during a
50-fs long FEL pulse. When it is assumed that clusters go
through heating in the process of successive absorption of
single photons, then this will correspond to the average
absorption cross section sexp � 24:1 Mb per atom.

In order to elucidate mechanisms of energy absorption in
clusters exposed to VUV radiation, the authors of Ref. [132]
performed calculations of classical electron motion under the
action of an intense laser pulse by the molecular dynamics
method (MDM) [130] in accordance with themodel proposed
in Ref. [70]. The model includes the effects of collisional
heating of quasi-free electrons and ions inside the cluster,
such as inverse bremsstrahlung and plasma resonant absorp-
tion [143]. Calculations were made for an argon cluster of
147 atoms containing two quasi-free electrons per atom. The
electrons travel in the cluster as point charges under the action
of Coulomb forces and a laser field. The time dependence of
the total energy absorbed by 294 electrons being propelled by
the laser field at an intensity of 3:2� 1013 W cmÿ2 and a
wavelength of 100.8 nm is shown in Fig. 14c. By way of
comparison, Fig. 14c also presents calculated data for a
wavelength of 800 nm. In the case of the large (low
frequency) wavelength, electrons are more easily entrained
by the laser field and, as a result, more efficiently absorb
energy due to collisional heating. During excitation at
100.8 nm, the laser field oscillates with a frequency much
higher than the electron gas frequency [69]. Therefore,
absorption via classical scattering is much smaller for short

Ar+

Ar+

Ar�2

Ar�3Ar2+

Ar2+

Ar3+

Ar4+

100 200 300 400 500 600

20

15

10

5

0

40

20

0

Time of êight, ns

In
te
n
si
ty
,r
el
.u

n
it
s

a

hNi � 900
1:9� 1011 W cmÿ2

1:5� 1013 W cmÿ2

b

105 nm
100.8 nm
96.6 nm

50

40

30

20

10

0

1011 1012 1013 1014

Intensity, W cmÿ2

plasma heating rate

Energy deposition limited by

R
el
at
iv
e
n
u
m
b
er

o
f
A
r� 2

,A
r� 3

io
n
s,
%

Resonant excitation
Nonresonant excitation

Iexc

internal
ionization
rate

c
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clusters to FEL emission at three wavelengths (excitation of surface and
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ties: 1:5� 1013 W cmÿ2 (a), and 1:9� 1011 W cmÿ2 (b). The spectra were

derived from the region lying 3 mm from the lens focus [132]. (c) Relative

number of Ar�2 and Ar�3 ions formed during irradiation of Ar900 clusters

depending on laser radiation intensity. Resonant excitation of bulk

excitons is compared with nonresonant excitation [132].
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waves. The plot suggests an almost linear enhancement of the
absorbed energy with time at a wavelength of 100.8 nm. The
absorption cross section, ssim � 5:8 Mb, derived from the
slope of this dependence, is significantly smaller than the
experimental one, sexp � 24:1 Mb. It is worth mentioning
that the calculated values of the absorption cross section are
overestimated because electrons were a priori treated as quasi-
free and cluster expansion was disregarded. Such a great
difference between theory and experiment cannot be inter-
preted in the context of the standard inverse bremsstrahlung
model. It is explained based on the results of recent theoretical
studies [74, 137] in which the above-mentioned standard
model was further extended. These works will be considered
in Section 5.4.

To sum up, the authors of Ref. [132] demonstrated that
the specific electronic structure of clusters is practically
unrelated to cluster explosion dynamics at laser peak
intensities above 1:8� 1012 W cmÿ2 and acquires signifi-
cance at a low peak intensity of about 1:9� 1011 W cmÿ2.
This accounts for the large difference between absorption
cross sections of resonant and nonresonant excitations. In
either case, internal ionization of atoms is saturated at high
intensities, and energy absorption depends mainly on the
plasma heating rate. MDM calculations indicate that
standard collisional heating of the plasma does not explain
such large energy absorption.

5.4 The results of simulations of cluster excitation
by VUV pulses
The data on cluster interactions with intense VUV pulses of
FELs obtained in works [124, 130, 132, 133] aroused great
interest because it is difficult to explain such high-charge
states of ions as observed in experiment in the framework of
the existing `standard' models of cluster ionization and
heating [124]. Cluster heating in multiphoton processes
appears unlikely [112, 124] and heating due to plasma
resonances is disproved by experimental findings [132, 133],
while macroscopic mechanisms of cluster heating (such as
cluster surface absorption [80]) are feasible only when the
electron oscillation amplitude is commensurate with the
cluster diameter. In the case of cluster interaction with VUV
pulses emitted by an FEL, this amplitude is smaller than one
Bohr radius (see Table 2).

The most likely explanation of the available results is
cluster heating due to inverse bremsstrahlung of valence
electrons released after single-photon ionization of the
clusters and subsequent atomic ionization with the ejection
of internal electrons in collisions between free electrons and
ions. However, the rate of this process is too low to account
for the observed high-charge states of the clusters. A few
mechanisms of effective cluster heating during excitation by
VUV pulses have been proposed thus far (see, for example,
paper [8] and references cited therein). Among these are, say,
an atomic, non-Coulomb contribution to inverse bremsstrah-
lung [137]; charge-enhanced one-photon ionization [74], and
many-body recombination (MBR) [80, 87, 88]. In what
follows, we shall briefly consider these mechanisms.

Reference [137] develops a statistical approach, and the
cluster is regarded as a bulk plasma heated byVUV radiation.
The authors hold to the idea that electrons in a dense cluster
plasma are exposed not only to the influence of the
conventional Coulomb potential but also to the effects of
ion shielding by electrons. In order to account for the high
absorbed energy, they introduced a modified Coulomb
potential in the form

VZ�R� � ÿZ� �Z 0 ÿ Z � exp �ÿaZR�
R

exp

�
ÿ R

lD

�
; �5:2�

where Z is the ion charge, Z 0 is the nucleus charge, and lD is
the Debye length. Parameter aZ was introduced to obtain a
smooth passage from the potential ÿZ=R for aZR4 1 to the
potential ÿZ 0=R in the case of R! 0. Parameter aZ was
chosen so as to exactly reproduce the first ionization potential
of an individual atom.

The system of equations was solved for time-dependent
probabilities n0�t�, n1�t�, . . . for atomic charge states together
with the expression for the temporal evolution of electron
temperature on the assumption that the plasma heating
mechanism is inverse bremsstrahlung. At first, the standard
atomic potential was used, then the modified potential (5.2).
It was shown in Ref. [137] that this approach results in an
approximately one order of magnitude greater number of
photons absorbed from the laser pulse field and in excellent
agreement between predicted distributions of ion charge
states and experimental data obtained in Ref. [124].

According to the authors' opinion, absorption of a large
number of photons is due to inverse bremsstrahlung and
collisional processes of the (e, 2e) type that occur during the
course of the exciting pulse. Absorption of many photons is a
multistep event. Each plasma electron is scatteredmany times
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during the course of the pulse, but only one photon is
absorbed at each electron±ion collision. Thereafter, the
Boltzmann distributions of electrons and ions with common
temperatures set in, giving rise to ions with a high charge
number.

The substance of charge-enhanced single-photon internal
ionization of clusters [74] excited by laser radiation at a
wavelength of 100 nm is as follows. The photon energy
(12.7 eV) contributing to the excitation of an individual
atom is sufficient to induce only single Xe atom ionization.
However, the situation changes dramatically when a cluster is
excited. Charges of the neighboring atoms in the cluster cause
the efficient threshold of internal atomic ionization to lower.
In this case, the effective binding energy for internal
ionization of cluster atoms is given by

Eeff � Ebar ÿ Eb ; �5:3�

where Ebar is the energy of the nearest barrier for an atom or
an ion to be ionized, and Eb is the energy of a bound electron
(electron binding energy in an atom plus the potential energy
of electron interaction with the laser field and surrounding
ions). Under conditions where a photon with a laser field
energy �ho > jEbarj is absorbed, atomic ionization releases an
outer electron; from this instant of time, the electron is
regarded as a classical particle. In principle, this process may
repeat until ionization of all atoms in the cluster is completed.
However, in the majority of the cases Xe atoms undergo
ionization mostly through the ejection of 5s- and 5p-electrons
(see Section 5.5.3. and Ref. [53]). The mechanism being
considered leads to a considerable lowering of the ionization
potential of cluster atoms [74], the formation of atomic ions in
higher-charge states, and much greater absorption compared
with that due to the usual bremsstrahlung effect.

Detailed analysis of the interaction of intense VUV-FEL
pulses and near-IR pulses with clusters has recently been
reported in Refs [80, 87, 88]. The analysis was made in the
context of a dense strongly coupled plasma (SCP). The
proposed approach is based on the fact that cluster interac-
tion with intense femtosecond laser pulses gives rise to
forming SCP. Such plasma is characterized by a high density
of charged particles and frequent multiple electron±electron,
electron±ion, and ion±ion collisions. This observation
brought the authors to the discovery of a new electron
heating mechanism underlain by frequent multiparticle
collisions leading to intense recombination of free electrons
into excited states undergoing efficacious secondary atomic
ionization with the release of these electrons. The authors
designated this process as electron heating due to MBR. It is
repeated ionization of atoms and ions that is responsible for
high radiation absorption by clusters and eventually to their
strong heating and formation of ions with a large charge
number.

Unlike macroscopic plasma, nanoplasma arising from
interactions of intense laser pulses with clusters and contain-
ing a finite number of particles can be analyzed by theMDM.
It is one type of plasma allowing exact calculations for a large
number of particles. Moreover, the results of these calcula-
tions reflecting the charge state of the ions, as well as electron
and ion energies are amenable to comparison with the
available experimental data. This provides a sensitive test
for calibrating numerical calculations. Also, the results of
such studies form a solid basis for the theoretical description
of macroscopic plasma. Analysis of cluster interactions with

intense laser pulses by the MDM as described in Refs [80, 87,
88] greatly promoted understanding the functional properties
of ultrafast electron dynamics in the dense cluster plasma.

Jungreuthmayer and coworkers [87, 88] analyzed interac-
tions between VUV radiation and clusters by the example of
an Xe1000 cluster slightly smaller in size than Xe1500 clusters
studied in the FEL experiment [124]. However, other para-
meters of the model were close to experimental ones, which
makes possible qualitative comparison of simulated and
observed quantities. The quantitative description is difficult
in either case due to uncertainties related to determining
cluster size and VUV pulse shape (see Section 4.3).

Figure 15a±d illustrates ion charge distributions for
Xe1000 clusters exposed to VUV laser radiation at intensities
of 1:5� 1012, 1:5� 1013, and 7� 1013 W cmÿ2, and also for
Xe80 clusters irradiated at the intensity of 2� 1013 W cmÿ2.
In all calculations, the radiation wavelength was l � 98 nm,
and the half-height pulse length 100 fs. Ion charge states were
determined at an instant of time corresponding to the pulse
end, when free electrons were leaving the cluster. A fairly
good agreement between theory and experiment was obtained
[124] (see Figs 8 and 15). Charge states of up to Xe3� and
Xe5� formed at radiation intensities 1:5� 1012 and
1:5� 1013 W cmÿ2, respectively (Fig. 15a, b), were in
excellent agreement with experiments on cluster excitation
by FEL pulses. At an intensity of 7� 1013 W cmÿ2, ions of up
to Xe7� were examined (only one charge state lower than in
experiment). In the general case, calculated ion charge
distribution functions have maxima somewhat shifted
toward higher charges than in experiment. The difference is
due to the fact that laser beam intensity was not averaged over
the cross section for the purpose of calculations [87, 88].
Taking into account the transverse distribution of beam
intensity for Xe80 clusters was shown [88] to further improve
agreement between theory and experiment.

The data presented in Fig. 16 demonstrate that the MBR
of electrons into bound states and subsequent secondary
atomic ionization are the main factors determining electron
dynamics in a dense strongly bound cluster plasma. The
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Figure 15. Charge state distribution of ions produced during interaction

of Xe clusters with FEL radiation at a wavelength of 98 nm and a pulse

length of 100 fs: (a±c) Xe1000 at intensities of 1:5� 1012, 1:5� 1013, and

7� 1013 W cmÿ2, respectively, and (d) Xe80 at an intensity of

2:0� 1013 W cmÿ2 [88].

May 2009 The spectroscopy of clusters by intense pulses of VUV radiation from free electron lasers 479



authors of Refs [87, 88] calculated the lifetime tb (referred to
the 1=e level) and the rate Rb of the many-body recombina-
tion given by the rate equation

dnb
dt
� ÿ nb

tb
� Rb�t� : �5:4�

Here, nb is the number of electrons bound due to MBR, and
Rb is a function of the temperature and number density of free
electrons. As follows from Fig. 16 (curve 1), the lifetime of
bound electrons is on the order of several femtoseconds. It
decreases at the onset of a laser pulse, lowers to a minimum at
the pulse maximum, and thereafter slowly increases at the
pulse trailing edge.

Calculations [87, 88] showed that the energy absorbed in
dense plasma via inverse bremsstrahlung is considerably
(about one order of magnitude) higher than the absorbed
energy in standard inverse bremsstrahlung theories [144]. The
main factor responsible for the enhanced efficiency of dense
plasma heating through inverse bremsstrahlung is the new
heating mechanism, namely, many-body recombination
(Fig. 17). Many-particle collisions result in efficacious
recombination of electrons into excited bound states
(Fig. 17a, b). The remaining free electrons absorb energy
during the transition of one of them into an excited bound
state (Fig. 17b). Further collisions lead either to repeated
atomic ionization with the release of a recombined electron or
to electron scattering from the highly excited state into lower
states. In this way, a wide range of excited states are

populated. The MBR heating cycle is completed when the
recombined electron undergoes secondary excitation or when
the atom is ionized by an absorbed photon (Fig. 17c). Because
recombined electrons continuously orbit the ion, radiation is
absorbed more efficiently than in cluster heating through the
usual inverse bremsstrahlung, when an electron absorbs
radiation only after it encounters the ion. The soundness of
this line of reasoning is confirmed by the quantitative data
presented below.

The predominant contribution of MBR to the total
energy absorbed by a cluster is demonstrated in Fig. 18
showing the time dependence of the absorbed energy for
radiation parameters presented in Fig. 15c. Curve 4 exhibits
the simulated total absorbed energy. Curve 1 illustrates
absorption due to single-photon ionization, and curve 2
corresponds to cluster plasma heating via inverse bremsstrah-
lung calculated in the framework of the standard theory [90,
145]. Curve 3 characterizes energy absorbed by electrons
recombined into excited states. This energy is roughly one
order of magnitude higher than that necessary for primary
single-photon ionization and heating of a cluster through
conventional inverse bremsstrahlung. Taken together, these
observations confirm that MBR is a major factor underlying
the mechanism of cluster plasma heating. Curve 5 illustrates
the total absorbed energy (summarized energy, curves 1 ± 3).
The fairly good agreement between curves 4 and 5 indicates
that the total absorbed energy is actually a function of the
three heating mechanisms (curves 1 ± 3).

To conclude this section, it is worthmentioning Ref. [138],
where interactions between a small Xe54 cluster and short
laser pulses at 800 and 100 nmwere studied in the context of a
microscopic approach. In both cases, shock ionization was
insignificant. The dominant mechanism was ionization by a
quasistatic radial electric field (ignition mechanism; see
Section 3.5) created by cluster external ionization. Cluster
heating and external ionization depended on the radiation
wavelength. Energy absorption at a wavelength of 800 nm,
when the electron oscillation amplitude was comparable with
the cluster size, mostly occurred in collisions between
electrons and the cluster boundary region. At 100 nm,
absorption due to inverse bremsstrahlung prevailed.

a b c

Figure 17. Schematic of cluster heating due to MBR realized in a three-

process cycle. Collisions of two or more electrons near an ion (a) lead to

MBR into a highly excited bound state (b). Further collisions scatter

electrons into deeper bound states and thereby populate a wide spectral

range of excited states. The total energy of themultielectron ionic system is

conserved (b). The energy is absorbed due to secondary atomic ionization

by laser radiation with the release of recombined bound electrons (c) [88].
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5.5 Other FEL applications
The FEL at Hamburg was utilized in many other experi-
ments, e.g., to study the multiphoton ionization of atoms and
molecules in the gas phase [51 ± 53, 112], the photoelectric
effect at ultrahigh radiation intensities [53], the photoablation
of materials [113], and the two-photon ionization of rare gas
atoms in a beam [114]. In what follows (Sections 5.5.1 ± 5.5.3),
we shall consider in brief these FEL experiments.

5.5.1 Multiphoton ionization of atoms and molecules. The
photoionization in the VUV region is usually used for the
study of the many-electron dynamics of free atoms and
molecules [146]. Until recently, synchrotron radiation has
been used for this purpose, alternative sources being unavail-
able. However, at the levels of power achievedwith the help of
synchrotron radiation, all processes exhibit linear behavior as
radiation intensity grows. Possibilities for the investigation of
ultrafast nonlinear effects inherent in interactions between a
high-intensity electromagnetic field andmatter were extended
by recent progress in the generation of intense VUV-FEL
radiation [49 ± 53] and higher harmonics [147 ± 149].
Researchers were enabled to move from studies in the visible
region [150] to experiments within the spectral range where
the energy of a radiation quantum exceeds the ionization
threshold of atoms and molecules.

The authors of Ref. [112] investigated multiphoton
ionization of Ar and Xe atoms in an atomic beam by time-
of-flight spectrometry. The atoms were exposed to intense
FEL pulses at a wavelength of 98 nm (photon energy ca.
12.7 eV), pulse length of around 100 fs, and radiation
intensity up to 1013 W cmÿ2. The mass spectra of the ions
being formed were measured. Photon energy at the above
wavelength was sufficient to induce single-photon ionization
of Xe atoms (ca. 12.13 eV [125]) but remained lower than the
first ionization potential of Ar atoms (15.76 eV) and
ionization potential of Xe� ions (21.2 eV). This means that
as many as two FEL photons need to be absorbed when
ionizing neutral Ar atoms and Xe� ions.

In an experiment at an intensity approaching
1013 W cmÿ2, multiply charged xenon and argon ions (up to
Xe6� and Ar4�, respectively) were detected. Based on the
dependence of the ion yield on laser radiation intensity, the
authors postulated mechanisms for the multiphoton ioniza-
tion processes. They argue that ionization at the intensities of
order 1012 ± 1013 W cmÿ2 may be described as a sequence of
multiphoton processes. It was found that the yield of multiply
charged ions saturates at intensities 5 and 30 times lower than
in the case of ionization of the same atoms by radiation pulses
at 193 nm [151] and 564 nm [152], respectively. Thus, the
results of these experiments confirm the theoretically pre-
dicted [153] decrease in saturation intensities of the ion yield
with increasing laser radiation frequencies.

Many-photon double ionization of molecular nitrogen
(N2) was investigated in Ref. [51]. FEL pulses 25 fs in
length with up to 1012 photons each and a photon energy
of 38 eV (l � 32:6 nm) emitted with a repetition rate of
1 MHz were focused onto a spot having a diameter of
26 mm. The corresponding values of photon number
density (5 1017 photons cmÿ2) and radiation intensity
(5 2� 1013 W cmÿ2) are the maximum ones achieved thus
far in the soft X-ray spectral region. The nitrogen molecule
with its simple diatomic structure was chosen because
nitrogen undergoes nonlinear two-photon ionization at a
photon energy of 38 eV, the first and the second ionization

potentials being 15.6 and 23.3 eV, respectively [125]. The
authors of Ref. [51] observed multiphoton double ionization
of nitrogen molecules, in which the first absorbed photon
induced single ionization of the molecule, and the second one
ionized the resultant ion. It was concluded that successive
multiphoton ionization is more efficient than the direct
multiphoton process. Moreover, the sequential process can
even be regarded as a direct one enhanced by resonance and
proceeding via a real rather than a virtual level. It is worthy of
note, however, that interpretation of multiphoton ionization
of atoms and molecules by VUV radiation is still in its
infancy.

The photoeffect in the extreme UV region was recently
exposed in Ref. [53] using powerful FEL pulses. Photoioniza-
tion of Xe atoms was observed at a wavelength of 13.3 nm
(�ho � 93 eV) and ultrahigh intensities achieved with an FEL.
The experiments were carried out within an exciting radiation
intensity range from approximately 1012 to 1016 W cmÿ2.
Laser pulses were 10� 2 fs in length [154]. A time-of-flight
mass spectrometer was used to detect ions in charge states of
up to Xe21�, which is significantly higher than the charge
states observed during Xe ionization at a wavelength of
800 nm (Xe8�) and the same intensity (1016 W cmÿ2) [155].
Almost 5 keV of energy per atom (or more than 57 photons
with an energy of 93 eV) had to be absorbed from the laser
field during a 10-fs pulse to ensure the formation of Xe21�

ions. The dependences of charge states on radiation intensity
were examined. The ponderomotive energy of electrons in a
laser field being considerably smaller (a few orders of
magnitude) than the radiation quantum energy, approaches
to the description of the cluster±radiation interaction in the
visible region are unsuitable for the range examined in the
experiments under consideration. An adequate theoretical
basis for the description of the interaction of extreme UV
radiation with matter at high intensities remains to be
developed.

An FEL was utilized to evaluate the probability of one-,
two-, three-, and four-photon ionization processes for neon
and helium atoms. The atoms were excited by 25-fs pulses
emitted with a repetition rate of 5 kHz and an intensity of up
to 1014 W cmÿ2. In order to elucidate ionization mechanisms
and compare different successive and multiphoton excitation
schemes, the experiments were carried out at two photon
energies, 42.8 and 38.4 eV. These energies were slightly higher
and lower than the threshold for successive two-photon
double ionization of Ne atoms via Ne� ions at an energy of
41.0 eV, the first and the second ionization potentials being
21.56 and 40.96 eV, respectively [125]. These two cases may be
substantially different in terms of the character of nonlinear
dependences of ion yield on laser radiation intensity.
Experiments [52] allowed cross sections of two-photon
ionization of neon and helium atoms and Ne� and Ne2�

ions to be determined and showed the dominant role of
sequential multiphoton transitions via ionic and resonant
states, as opposed to direct multiphoton transitions through
virtual states.

5.5.2 Ablation of materials. An interesting application of an
FEL emitting in the VUV range is described in Ref. [113],
which investigated the ablation of an organic polymer
(polymethylmethacrylate plus silicon) film by single extreme
UV pulses generated from a Z-pinch plasma focus or a laser
plasma. Ablation characteristics obtained with the help of
plasma sources of radiation were compared with those
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obtained during irradiation of the same samples byUV pulses
from an FEL.

The exposure of organic polymers to intense extreme UV
radiation in a vacuum results in the transfer of macroscopic
amounts of the irradiated material to the vacuum. Sources of
low-intensity radiation remove the material through its
photon-induced desorption from the irradiated surface (dry
etching or evaporation by synchrotron radiation). Each
photon of extreme UV radiation is able to break any
chemical bond. The photon energy is normally greater than
the atom binding energy in a crystal. High-energy photons of
extreme UV radiation excite electrons from inner electron
shells. This process is followed by a cascade of Auger
transitions leading to the formation of electron-depleted
regions that rapidly break down in the course of a Coulomb
explosion. Photons absorbed near the surface may cause
sample disintegration into small fragments ejected into the
vacuum. Low-intensity radiation withdraws material only
from the surface and subsurface layers of the sample.

The situation is quite different when single pulses of high-
energy radiation are utilized. In this case, a large local
radiation dose enters a sample at a high rate. Therefore, a
large number of elementary acts responsible for structural
changes in the material occur almost simultaneously in a
relatively thick layer exposed to radiation, provided its
absorption of radiation is not too high. Most of the absorbed
energy undergoes thermalization, rapidly overheats the
irradiated layer, and alters the chemical composition of the
layer. The overheated fragmented part of the sample makes
up a new phase passing into the vacuum. Eventually,
ultrashort high-intensity FEL pulses may cause rapid disin-
tegration of the irradiated solid by transferring a large
number of electrons from the valence zone to the conduction
zone.

Polymethylmethacrylate/silicon samples were irradiated
from an FEL at a wavelength of 86 nm (�ho � 14:3 eV) by
pulses < 100 fs in duration at an intensity of about
1012 W cmÿ2. It was shown in Ref. [113] that exposure of
polymethylmethacrylate (PPMA) to UV radiation from
plasma sources leads to the strong heating of the sample and
causes marked morphological changes to irradiated surface.
The material is decomposed with the formation of a black
carbon (soot) deposit and blisters at its surface. At the same
time, the surface of PMMA samples exposed to FEL pulses
remains moderately even, with its structure and composition
being practically unaltered (Fig. 19). The depth of the spot
(ca. 25 mm) at the surface left by a laser pulse train and
measured by optical spectroscopy suggests that a single pulse
knocks out approximately 70 nm of the material from the
surface. The FEL radiation attenuation length in PMMA
being about 10 nm [156], it can be concluded that PPMA
ablation occurs at an intensity roughly three orders of
magnitude lower than used in experiment. Thus, the above
studies provided very promising results to be used for the
microprocessing of miniature components and surfaces by
short-wave VUV radiation from an FEL.

5.5.3 Two-frequency two-photon ionization of Xe atoms. This
section deals with FEL applications in combination with
other lasers. The recent work [114] describes a unique
experimental setup for the study of interactions of an FEL
radiation with matter. It comprises an FEL operating in the
extreme UV region (l � 13:7 nm) and producing pulses of
length tp � 10ÿ50 fs, a laser generating high-power ultra-

short IR pulses (l � 800 nm, tp � 110 fs), and a picosecond
laser emitting in the visible range (l � 523 nm, tp � 12 ps).
The combination of an FEL with a synchronized infrared
laser or a visible laser opens up considerable opportunities for
experimenting on two-frequency excitation±probing of atoms
and molecules in the gaseous phase, clusters, plasma, and
condensed media. It has already brought about the first data
on two-frequency two-photon ionization of rare gas atoms
with high time resolution. We shall briefly consider this
method and the results obtained with its help.

The excitation±probing method for the analysis of a
photoelectron signal induced by FEL photons in the pre-
sence of powerful visible or near-IR laser radiation requires
photoelectron spectroscopy [114, 157]. The best method for
measuring the delay time between two pulses over a time scale
comparable to FEL and optical laser pulse lengths (in the
femtosecond range) is two-frequency above-barrier (tunnel)
ionization. When extreme UV and near-IR pulses overlap in
space and time, photoelectrons generated by UV pulses occur
in the field of a probing pulse from the optical laser, where
they can absorb one or several photons emitted by this laser.
This leads to the appearance of side bands (SBs) in the
corresponding photoelectron spectrum of a target atom

20 mm

20 mma

c

b

d

Figure 19. The surface of a PMMA film sample after exposure to extreme

UV radiation pulses. Top: irradiation by a nanosecond pulse of Cu-

plasma. The sample is placed behind a mesh contact at 50 cm from the

source. Bottom: irradiation by FEL pulses at 86 nm. The crater formed

after the irradiation of the film by 380 pulses < 100 fs in length with an

energy of 5 mJ at an angle of incidence of 55�. Film composition after

irradiation was analyzed at points a±d by Raman spectra [113].
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[158, 159]. Their shape and intensity strongly depend on
temporal and spatial profiles of two femtosecond pulses
[160]; therefore, these parameters can be used to elucidate
FEL pulse characteristics [158, 161) and to measure directly a
delay time between two laser pulses [159]. Changes in the
delay time are effected using a computer-controlled optical
delay line. The synchronization of two pulses of different
frequencies in the excitation±probing scheme was demon-
strated for xenon atoms as a target gas.

Under experimental conditions, laser pulses were focused
onto the zone of their intersection with a beam of xenon
atoms. The yield of electrons induced by two-frequency
ionization of Xe atoms was measured, along with the
accompanying release of 5p electrons at an FEL wavelength
of 13.7 nm (�ho � 89:9 eV) (Fig. 20). Each time-of-flight mass
spectrum displayed in Fig. 20 was averaged over 250 pulses of
both lasers. The intense field of the near-IR laser gives rise to
rather intense SBs (SB1±SB4, see Fig. 20) formed due to the
absorption of up to 4 optical photons. It can be seen that SBs
occur only within a time interval of about 600 fs. The width of
temporal pulse overlap (ca. 600 fs) deduced from SB
formation in the spectrum is largely determined by a spread
in time of FEL pulses with respect to an optical pulse. The
band width gives a time resolution of about 250 fs [159]. It can
be greatly improved (up to 50 fs) due to the possibility of
detecting the spectrum within a single laser shot [114]. The
delay time between the pulses is measured in each shot. Thus,
the experimental setup of interest and the measuring method
used allow for studying interactions of FEL pulses of extreme
UV radiation with matter with a high time resolution (on the
order of 50 fs). The potential possibilities of applying an FEL
operated in the X-ray range to the exploration of matter with
high temporal and spatial resolution in excitation±probing
experiments were considered in Ref. [115].

To conclude this section, it should be emphasized that new
considerable opportunities for applying VUV-FEL radiation
in many basic and applied research fields have raised great
interest in the construction of such lasers as light sources of

the fourth generation [104 ± 108]. As many as 15 projects for
the development of FELs operating in the VUV and X-ray
ranges are currently underway [104] in the USA [104, 162 ±
164], Germany [104, 165 ± 171], Japan [104, 172 ± 175], Italy
[104, 176 ±178], France [104, 179], the UK [104, 180], and
South Korea [104, 181]. The projects being implemented at
Stanford (USA) and Hamburg (Germany) are expected to
produce FEL X-ray emission with a wavelength of 1 ± 1.5 A

�

in the near future (by 2010 ± 2012) [104].

6. Conclusions

With the advent of FELs operating in the VUV range, the
parameters of interaction of radiation with matter, in
particular, atomic cluster beams, were substantially
extended, making it possible to study the character of cluster
interaction with the laser field under conditions formerly
unrealizable. The results of these studies indicate that a
change in the exciting radiation wavelength has a dramatic
effect on the reciprocal behavior of collective and collisional
processes in dense cluster plasma. New mechanisms of rare
gas cluster interaction with VUV-FEL radiation have been
proposed, including accurate consideration of the effects of
atomic potential [137], charge-enhanced ionization [74],
collisional heating [124, 130], and many-particle collisions
and recombination [87, 88]. Many of these mechanisms much
more effectively heat dense cluster plasma than conventional
stimulated inverse bremsstrahlung.

The results of the studies do not allow for a unified simple
description of absorption of intense laser pulses by clusters.
They suggest a variety of mechanisms and processes behind
cluster excitation by superhigh-power ultrashort laser pulses
depending not only on the characteristics of the exciting
radiation but also on the cluster size and the time of cluster
plasma evolution. Some of these mechanisms and processes
become predominant under certain conditions. At the same
time, it should be noted that the evolution of cluster plasma
begins from ionization of cluster atoms and ions by a strong
electromagnetic wave, as a fastest process of primary
formation of free electrons. This creates conditions for the
subsequent development of cluster plasma via different
channels. In the case of cluster excitation by VUV-FEL
radiation, primary free electrons are produced in the course
of direct and successive one-photon and multiphoton ioniza-
tion of cluster atoms and ions. When clusters are excited by
IR and visible light radiation, free electrons are formed via
above-barrier (tunnel) ionization of cluster atoms and ions in
the field of a strong electromagnetic wave.

The available data on cluster interaction with intense
ultrashort laser pulses suggest the existence of different
mechanisms of pulse energy absorption and cluster plasma
heating. The principal absorption mechanism for cluster
excitation at 800 nm is resonant absorption. It applies to
almost all optically active electrons in the cluster and there-
fore predominates over other mechanisms that enter into
operation only when resonant absorption is for some reason
infeasible. Cluster excitation by VUV radiation at a wave-
length of 100 nm creates quite a different situation in which
the most efficient energy absorption mechanisms are inverse
bremsstrahlung, MBR, and probably some others. Further
experiments are needed to clarify the causes of such high
absorption.

The studies carried out thus far have shown that certain
concepts known from the physics of cluster interaction with
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Figure 20. Time-of-flight spectra taken in two-frequency two-photon

ionization of xenon atoms by extreme UV-FEL and optical laser

radiation. Different spectra are represented as a function of delay time

between FEL pulses (l � 13:8 nm, tp � 20 fs) and optical pulses

(l � 800 nm, tp � 120 fs, energy 20 mJ) [114].
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intense low-frequency radiation pulses are applicable to
cluster excitation by high-energy photons. However, a
deeper insight into the underlying processes and a more
detailed description of the atomic behavior in the plasma
formed are needed to realize their application. By way of
example, cluster excitation by intense pulses of even shorter-
wavelength (X-ray) radiation (l � 3ÿ5 nm, �ho � 250 ±
400 eV) may lead to complete ionization of atomic clusters
and a huge Coulomb explosion of the clusters because
ionization of clusters interacting with X-ray radiation
proceeds in a fundamentally different way than in the case
of optical pumping [182]. Ionization starts from inner
electron shells of cluster atoms since its cross section in the
case of X-ray excitation is greater for inner than for outer
valence shells [145]. Typical values of inverse ionization rate
are 1 ± 10 fs [182], or much smaller than the laser pulse length.
Hence the possibility of multiple single-photon ionization of
cluster atoms owing to the fact that inner atomic shells
emptied by the laser pulse are filled up through Auger
transitions. Auger relaxation is practically independent of
the atomic charge state and takes very little time (0.2 ± 5 fs)
[183]. Due to such practically instantaneous population of
inner atomic shells by electrons, they can undergo multiple
one-photon ionization during the passage of an exciting laser
pulse, in a clear contrary to the mechanism of atomic
ionization by optical pulses, where electrons are primarily
removed from outer atomic shells.

The results of experimental and theoretical studies shed
light on the nature of atomic cluster interactions with intense
femtosecond VUV laser pulses. Interactions of high-energy
photons with clusters in this new regime give rise to many
interesting and surprising phenomena. The creation of an
FEL operating in the VUV and X-ray ranges will stimulate
further cluster experiments of importance for studying and
understanding radiation±matter interaction. There is reason
to expect new interesting and important data in the nearest
future that will expose new interaction mechanisms and
extend the knowledge of the physical mechanisms underlying
excitation of cluster matter. This, in turn, will promote more
deep understanding of the processes of radiation±matter
interaction and wider application of cluster beams in basic
and applied research. To mention but one essential example,
it may improve the accuracy of estimating the matter
disintegration threshold and permit obtaining images with
high (angstr�om-level) temporal and spatial resolution, which
is of special importance for biological applications of the
lasers considered in this review.

To conclude, the development of FELs emitting in the
VUV and soft X-ray ranges and investigations into interac-
tions of radiation and matter with the use of these devices are
expected to contribute first and foremost to fundamental
research. The results thus obtained will find practical
application only after a lapse of time. At present, the
immediate task is to accumulate new data and develop
appropriate methods for their practical use. It is clear that
this field of physics is of paramount importance for many
practical purposes. Some results of the studies may prove to
be of great practical value in the short run in such disciplines
as nanotechnology, materials science, biology, and medicine.
This area of research and development characterizes the
current state and progress of high technologies in many
advanced countries. FELs emitting in the VUV and X-ray
ranges are being developed and constructed in the USA,
Germany, Japan, France, Italy, and Great Britain. Unfortu-

nately, there are no such lasers in Russia, nor can relevant
research be carried out as the result of dramatic under-
financing of science. It may eventually lead to the widening
of Russia's technology gap with other industrialized nations
in many important areas of science and technology develop-
ment.

The author is grateful to E ANikolaeva for her assistance
in literature searches, and to A N Petin for assistance in the
preparation of the drawings. The valuable comments of the
reviewer are acknowledged. The work was supported in part
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