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Preface

We are pleased to present the sixth volume of Progress in Ultrafast Intense Laser Sci-
ence. As the frontiers of ultrafast intense laser science rapidly expand ever outward,
there continues to be a growing demand for an introduction to this interdisciplinary
research field that is at once widely accessible and capable of delivering cutting-edge
developments. Our series aims to respond to this call by providing a compilation of
concise review-style articles written by researchers at the forefront of this research
field, so that researchers with different backgrounds as well as graduate students can
easily grasp the essential aspects.

As in previous volumes of PUILS, each chapter of this book begins with an intro-
ductory part, in which a clear and concise overview of the topic and its significance
is given, and moves onto a description of the authors’ most recent research results.
All the chapters are peer-reviewed. The articles of this sixth volume cover a diverse
range of the interdisciplinary research field, and the topics may be grouped into three
categories: responses of molecules to ultrashort intense laser pulses (Chaps. 1 – 4),
generation and characterization of attosecond pulses and high-order harmonics
(Chaps. 5 – 8), and filamentation and laser–plasma interaction and their applications
(Chaps. 9 – 11).

From the third volume, the PUILS series has been edited in liaison with the activ-
ities of Center for Ultrafast Intense Laser Science in the University of Tokyo, and
JILS (Japan Intense Light Field Science Society), the latter of which has also been
responsible for sponsoring the series and making the regular publication of its vol-
umes possible. From the fifth volume, the Consortium on Education and Research
on Advanced Laser Science, the University of Tokyo, has joined this publication
activity as one of the sponsoring programs. The series has also collaborated since its
inception with the annual symposium series of ISUILS (http://www.isuils.jp), which
is designed to stimulate interdisciplinary discussion at the forefront of ultrafast
intense laser science.

We take this opportunity to thank all the authors who have kindly contributed to
the PUILS series by describing their most recent work at the frontiers of ultrafast
intense laser science. We also thank the reviewers who have read the submitted
manuscripts carefully. One of the co-editors (KY) thanks Ms. Chie Sakuta for her
help with the editing processes. Last but not least, our gratitude goes out to Dr. Claus
Ascheron, Physics Editor of Springer Verlag at Heidelberg, for his kind support.

v



vi Preface

We hope this volume will convey the excitement of Ultrafast Intense Laser Sci-
ence to the readers, and stimulate interdisciplinary interactions among researchers,
thus paving the way to explorations of new frontiers.

Tokyo Kaoru Yamanouchi
Würzburg Gustav Gerber
Sherbrooke André D. Bandrauk
November 12, 2009
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Matériaux et Télécommunications, 1650 Lionel-Boulet, Varennes, QC, Canada
J3X 1S2, elouga@emt.inrs.ca

Zenghu Chang J. R. Macdonald Laboratory, Department of Physics, Kansas State
University, Manhattan, KS 66506, USA, zeChang@mail.ucf.edu

Michael Chini J. R. Macdonald Laboratory, Department of Physics, Kansas State
University, Manhattan, KS 66506, USA, MChini@phys.ksu.edu

Joonhee Choi Ultrafast Optics for Ultraprecision Group, Korea Advanced
Institute of Science and Technology (KAIST), Science Town, Daejon, 305–701,
South Korea, nguyjh@kaist.ac.kr

C. Cornaggia CEA IRAMIS, Service Photons, Atomes & Molécules, Saclay,
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CNRS, École Polytechnique) Chemin de la Hunière, 91761 Palaiseau, France,
alessandro.flacco@polytechnique.edu

R.A. Ganeev Institut National de la Recherche Scientifique, Énergie, Matériaux
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Chapter 1
Laser-Induced Coulomb Explosion Ultrafast
Imaging of Molecules

C. Cornaggia

Abstract Multiple ionization of small molecules leads to multifragmentation called
Coulomb explosion. The atomic positions prior to the fragmentation event are deter-
mined from the multicharged fragments trajectories. Laser pulse durations have to
be reduced to a few cycles in order to avoid any significant molecular stretching
during multiple ionization. Pump–probe excitation schemes offer promising per-
spectives for straightforward ultrafast Coulomb explosion imaging of excited and
ionized molecular species.

1.1 Introduction

Fragmentation has been used for years as an efficient and straightforward tool to
retrieve the geometry and structural properties of physical systems. The related
experimental techniques strongly depend on the targets under study, the excitation
sources, and fragments detection schemes. Therefore, the fragmentation diagnostics
appear to be specific of a particular field of experimental research such as particle,
nuclear, or molecular physics. In atoms and molecules, fragmentation encompasses
ionization and dissociation and may be triggered using various excitation sources
such as ion, electron, and photon beams. The use of small laser systems is particular
because the energy of near infrared and visible photons are well below the differ-
ent fragmentation thresholds. Before discussing the necessary nonlinear coupling
in order to reach these thresholds, let us emphasize the extraordinary achievements
of laser physics in terms of power and ultrashort pulse duration of compact laser
systems. Small laboratories have nowadays the possibility to study different frag-
mentation schemes of various objects from atoms to nanoparticles. In atoms and
small molecules, the basic process is the electronic excitation leading to ionization.

C. Cornaggia
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Saclay, bâtiment 522, F–91 191 Gif–sur–Yvette, France
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K. Yamanouchi et al. (eds.), Progress in Ultrafast Intense Laser Science VI,
Springer Series in Chemical Physics 99, DOI 10.1007/978-3-642-15054-8 1,
c� Springer-Verlag Berlin Heidelberg 2010
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From an energy point of view, the simultaneous absorption of several laser photons
is necessary to overcome the ionization potential Ip. This process was labeled mul-
tiphoton ionization in the early days of strong-field laser physics [1, 2]. In the same
time, Keldysh established the frontier between the multi-cycle multiphoton ioniza-
tion and the single-cycle tunnel ionization introducing the well-known adiabaticity
parameter � D p

Ip=2Up where Up is the ponderomotive potential. The Keldysh
parameter � represents the ratio between the tunneling time through the potential
barrier and the optical period. Therefore, tunnel ionization dominates in the strong
field regime where Up � Ip. This behavior was demonstrated experimentally by
the pioneering experiments of Chin et al. using a CO2 laser [3]. Moreover, tunnel
ionization may be considered as the necessary first step for attosecond pulse gen-
eration in gases [4]. Indeed tunnel ionization may take less than a few hundreds of
attoseconds. This time resolution may be only reached in accelerator-based exper-
iments. For instance, in foil-induced Coulomb explosion of molecules, molecular
ions are accelerated to a few percents of the velocity of light. Valence electrons are
stripped away from the molecule when the ion beam crosses a thin foil with a thick-
ness of around 5 nm. The stripping time is between 10 and 100 as. The resulting
highly charged transient molecular ions instantaneously explode into multicharged
atomic ions. The detection of these fragments allows one to image the positions of
atoms within the molecule [5].

Laser-induced Coulomb explosion of molecules has been introduced in the late
1980s and early 1990s using picosecond and femtosecond amplified dye laser sys-
tems delivering intensities in the 1015 Wcm�2 range [6–8]. Having in mind the
beam-foil-induced Coulomb explosion, the laser excitation time scales, i.e., the opti-
cal period and the pulse duration, are much longer than the attosecond time scale of
accelerator-based experiments. In multiple ionization, an instantaneous tunneling of
several electrons has not been observed yet. Non sequential double ionization occurs
within one optical cycle following the rescattering mechanism at low laser intensity
[9–13]. However, the dication final states are not Coulombic and present structures
due to chemical binding at short internuclear distances. These states are not suitable
for imaging the positions of atoms within the molecule. Coulomb explosion imaging
requires higher charge states which lead to a nearly Coulombic repulsion between
the fragments. For multiple ionization with final charge states larger than 4, the iden-
tification of rescattering non sequential processes remains difficult. In addition, the
use of laser intensities in the 1015 Wcm�2 range noticeably increases the probability
of sequential ionization over several optical cycles within the laser pulse. Therefore,
the time resolution may be confidently taken as the pulse duration. In the future,
high-contrast single-cycle pulses might open the door to controlled single-cycle
multiple ionization events.

In foil-induced Coulomb explosion, the interaction time is much shorter than
any rotational or vibrational nuclear motion time scale. This is not the case with
femtosecond lasers with respect to vibrational motions. For instance, the vibra-
tional periods of H2, HC

2 , and N2 are, respectively, 7.6, 14.4, and 14.1 fs when one
considers the lowest vibrational states. For pulse durations of several tens of fem-
toseconds, a noticeable nuclear dynamics may take place during multiple ionization.
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Fig. 1.1 Proton spectra from
H2 recorded with 40-fs and
800-nm laser pulses at
2� 1014 Wcm�2 and
2� 1015 Wcm�2 using
linearly polarized laser light.
The full curves represent the
total proton spectra. The
dashed curves represent the
covariance proton spectra
from the HC C HC

dissociation channel

For instance in H2, the first ionization step produces an ionic HC
2 vibrational wave

packet which oscillates back and forth during the laser pulse. In addition, the ion-
ization of HC

2 is strongly favored at large internuclear distances following Charge
Resonance Enhanced Ionization. This important effect discovered by Bandrauk et
al. involves a very efficient charge transfer coupling between the 1s�g ground elec-
tronic state and 2p�u first excited electronic state of HC

2 induced by the laser field
at large internuclear distances [14]. When the HC

2 vibrational wave packet reaches
this internuclear distance domain, the molecular ion is ionized with a very high
probability.

Figure 1.1 represents two proton spectra recorded with 40-fs laser pulses at
2 � 1014 Wcm�2 and 2 � 1015 Wcm�2. The broad proton peak centered at around
3–4 eV comes from Charge Resonance Enhanced Ionization. An instantaneous two-
electron emission would have produced a proton spectrum centered at 9.4 eV. This
last process is dominated by Charge Resonance Enhanced Ionization by several
orders of magnitude because the molecular ion vibrational wave packet has time
to explore the enhanced ionization internuclear distance range within the laser pulse
duration. Charge Resonance Enhanced Ionization has been shown to be a general
effect in strong field molecular physics in symmetric as well as in nonsymmetric
molecules [15, 16].

Even in the case of molecular bond stretching, laser-induced Coulomb explosion
allows one to tackle the molecular geometry in a rather straightforward way in a few-
minute experiment. For instance, Fig. 1.2 represents covariance maps recorded for
fragmentation channels with three ions OC C CC C OC for CO2 with a 130-fs pulse
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duration and OC C SC C OC for SO2 with a 50-fs pulse duration. The correlation
locations of the central CC or SC ions with the terminal OC look very different
in CO2 and SO2. In particular, the elliptic shape observed in SO2 comes from the
bent geometry of this molecule [17]. In both cases, the extension of the correlation
locations is due to vibrational wave packets and the corresponding nuclear motions
which occur during multiple ionization [18]. As in the case of H2, the ion kinetic
energy releases (KER) are smaller than the energies which are expected from an
instantaneous Coulomb explosion. Here again, the pulse duration is long enough for
bond stretching related to Charge Resonance Enhanced Ionization [19–22].

In addition to the examples given above, laser-induced Coulomb explosion has
been used to study molecular orientation and rotational wave packets [23] and more
generally the dynamics of small molecules in intense laser fields [24]. We give here
a few examples from our experiments performed with small molecules. The first
example reports measurements of lifetimes of excited states in the 100-fs range of
the N2C

2 dication using 40-fs laser pulses [25]. This proof-of-principle experiment
relies on the pump–probe excitation scheme which represents a decisive advantage
of the laser excitation [26]. For Coulomb explosion of neutral molecules in their
ground states, the pulse duration has to be reduced down to a few cycles because
of the ultrafast molecular stretching during multiple ionization. Double ionization
of H2 will be considered since this molecule may be considered as a very sim-
ple ultrafast test system because of the light protons’ dynamics. We will show that
few-cycle pulses allow one to identify non sequential rescattering double ioniza-
tion without any ambiguity in comparison with longer pulses [27]. However, proton
spectra recorded with 10-fs laser pulses do not image the ground vibrational state
of H2 because of the ultrafast dynamics of the intermediate HC

2 ions. Charge Reso-
nance Enhanced Ionization does not have enough time for a noticeable effect with
such pulses. A 10-fs pump–probe scheme permits to retrieve this phenomenon [28].
Finally, Coulomb explosion of N2 using 10- and 40-fs laser pulses will be presented
[29]. Little stretching takes with 10-fs pulses. This observation opens the way to
ultrafast imaging of neutral and excited molecular species.

1.2 Experimental Procedures

Multiple ionization experiments require femtosecond laser pulses with energies up
to several hundreds of microjoules and tight focusing, e.g., focal distances of the
order of 100 mm at f/10. A peak intensity in the 1015 Wcm�2 intensity range is suf-
ficient in order to reach charge states up to 6–8 in molecules such as N2 or CO2.
We use a kilohertz titanium:sapphire laser chain which can deliver pulse energies
up to 600�J with one regenerative amplifier stage based on chirped pulse amplifi-
cation. Gain narrowing in the amplifier prevents one to exploit the full emission
spectral bandwidth of titanium:sapphire. The pulse duration is 40 fs. Therefore,
an external compressor stage had to be built in order to generate few-cycle laser
pulses. The method is to broaden the laser spectrum in a nonlinear medium using
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Fig. 1.2 Covariance maps recorded with CO2 and SO2 using, respectively, 130- and 50-fs linearly
polarized laser pulses. For each molecule, correlations are plotted between the central CC or SC

ion and the external OC ions. The corresponding time-of-flight spectra are plotted on the left and
bottom graphs. The elliptical shape of the SO2 map is due to the bent geometry of this molecule.
The relatively large extensions of the correlation locations are due to nuclear motions

Fig. 1.3 Measured spectra and interferometric autocorrelations recorded with different com-
pressor schemes. The dashed curves in the right panels are the calculated interferometric
autocorrelations using the measured spectra and assuming a constant spectral phase
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self-phase-modulation. In addition, an important condition is to get a spatial homo-
geneous broadening with respect to the transverse section of the laser beam. A
decisive breakthrough was achieved by Nisoli et al. who introduced the hollow fiber
technique [30]. The nonlinear medium is a noble gas such as neon or argon which
can withstand much higher laser intensities than the bulk medium of the previously
used fibres. The gas takes place in the hollow fiber which works as a wave guide for
homogeneous spectral broadening. Using this technique with argon gas and a fiber
of length 700 mm and inner diameter 250 �m, a spectrum spanning over 200 nm is
generated with an initial spectral bandwidth of 27 nm at full-width-half-maximum.
The pulse is recompressed down to 10 fs with a set of commercial chirped mirrors.
The available energy at 10 fs is 200�J for an input energy of 600�J. Experiments
presented here were performed with this set-up.

Filamentation was introduced a few years ago by Hauri et al. as an alternative to
the hollow fiber wave guide [31]. In this case, the set-up is simpler since it merely
involves a long tube filled with gas as the non linear medium. The laser beam prop-
agation is guided by the focusing-defocusing pattern of filamentation. Figure 1.3
presents some measured spectra and the corresponding autocorrelations using both
techniques with argon gas [32]. In the case of filamentation, two cells for two differ-
ent filaments and the associated recompression chirped mirrors were necessary in
order to get sufficient spectral broadening. The best results were recorded with the
two-filament set-up. However, noticeable wings appear in the autocorrelation signal
and could not be removed using our chirped mirrors.

Coulomb explosion experiments are based on the detection of multicharged
atomic ions. Different time-of-flight mass spectrometers may be used in order to
identify the fragments and to measure their initial momenta. Usually, the Wiley–
McLaren configuration is preferred in order to get a linear relationship between the
time of flight and the projection of the initial momentum along the time-of-flight
tube axis for a mass-resolved fragment [33, 34]. Techniques based on the angle dis-
crimination and/or the laser polarization dependence allow one to get the modulus
of the momentum and hence the initial kinetic energy release (KER) of the ion [35].

Here, the fragmentation channels are identified using covariance mapping intro-
duced by Frasinski et al. [36]. In general, several fragmentation events are detected
per laser shot even with pressures in the 10�9 mbar range. In that case, coincidence
techniques cannot be used. Covariance mapping consists in measuring the fluctu-
ations of the signals on a shot-to-shot basis. Correlated signals only occur when
fragments come from the same fragmentation channel. For instance in Fig. 1.1, the
proton spectra from the HCC HC channel are given by the dashed curves which
come from the recorded covariance map [34]. The weakness of the covariance sig-
nals for protons with energies below 2 eV allows one to identify these protons as
coming from the singly charged HCC H fragmentation channel since they are not
correlated to any other proton.

In order to conclude this brief experimental section, let us mention new powerful
position-sensitive detection schemes of Coulomb explosion such as Coincidence
Momentum Imaging [37] or COLTRIMS [38] that will benefit from the fast progress
of ultrashort high-repetition-rate lasers.
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1.3 Lifetimes of Dissociating States of N2C
2

Molecular dications exhibit lifetimes which range from seconds to femtoseconds
due to the interplay between chemical bonding at short internuclear distances and
Coulomb repulsion of singly charged fragments at large distances. These ion species
and their properties play an important role in planetary ionospheres and interstellar
clouds [39]. The N2C

2 dication has been studied using a variety of experimental tech-
niques and exhibits a rich electronic structure due to low lying excited electronic
states above the X1˙C

g ground state [40, 41]. As a proof-of-principle experiment,

the dissociation lifetimes of N2C
2 ions produced by a femtosecond laser pulse are

measured using a pump–probe scheme represented in Fig. 1.4. The experiment is
performed with 40-fs laser pulses. The first pulse is commonly denoted the pump
pulse. The studied dissociation pathways are determined using covariance mapping
and are respectively NC C NC C 8.6 eV, NC C NC C 10 eV, and N2C C N C 2 eV.
This last channel is determined from N2C ions which do not correlate to any other

Fig. 1.4 Pump–probe excitation scheme in N2. The pump laser pulse double-ionizes the neu-
tral molecule in order to produce the excited N2C

2 dication which decays into the NC C NC and
N2C C N fragmentation channels. A time-delayed second laser pulse removes two additional elec-
trons from the dissociating doubly charged molecule and leads to the N2C C N2C fragmentation
channel. The temporal dynamics of the dissociating N2C

2 dication is measured from the kinetic
energy release (KER) of the N2C C N2C channel as a function of the time delay between the
pump and probe pulses
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charged fragments. Concerning the NC C NC dissociation channels, the mea-
sured kinetic energies are in good agreement with the high-resolution experiment of
Lundqvist et al. [40]. In order to measure the dissociation lifetimes, the dissociation
has to be stopped at different times by a second laser pulse denoted here the probe
pulse. The probe pulse removes 2 more electrons from the dissociating molecule.
The experiment consists in measuring the KER of the resulting N2C C N2C frag-
mentation channel as a function of the pump–probe time delay. The dissociation
time is extracted from the data of Fig. 1.5 using the following procedure.

The method is aimed at measuring dissociation times from the equilibrium inter-
nuclear distance Re, where the excitation takes place, up to a distance Rc where the
potential curves of the corresponding NC C NC and N2C C N are exactly known.
This distanceRc can safely be taken asRc D 5 Å since chemical binding is no more
effective for larger distances. For distances R > 5 Å, the potential curves of the
NC C NC and N2C C N fragmentation channels are, respectively, U.R/ D 1=R

and U.R/ D 0 in atomic units. The time taken to reach an internuclear distance Rf

larger than Rc is given by

(c)

(b)

(a)

Fig. 1.5 Kinetic energies of the N2C ions from the N2C C N2C probe fragmentation channel as
a function of the time delay between the pump and probe pulses. The square and bullet points are
experimental data. The full lines represent fits from the model explained in the text: (a) N2C ions
coming from the double ionization of the N2C C N C 2 eV fragmentation channel, (b) N2C ions
coming from the double ionization of the NC C NC C 8.6 eV fragmentation channel, and (c)
N2C ions coming from the double ionization of the NC C NC C 10 eV fragmentation channel
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t.Re ! Rf/ D t.Re ! Rc/C
Z Rf

Rc

dR

v.R/
; (1.1)

where the velocity v.R/ D p
2ŒE � U.R/�=� is a function of the KER E , here

2, 8.6, or 10 eV, and of the reduced mass �. In order to measure the unknown
time t.Re ! Rc/, the probe pulse is applied at time t.Re ! Rf/ after the excita-
tion pump pulse. The corresponding energyEprobe Œt.Re ! Rf/� of the N2C C N2C
imaging fragmentation channel is

Eprobe Œt.Re ! Rf/� D E C Uprobe.Rf/ � U.Rf/ ; (1.2)

where Uprobe.R/ is the potential curve of the probe fragmentation channel. Beyond
Rc D 5 Å, the potential energy of N2C C N2C is purely Coulombic Uprobe.R/ D
4=R a.u. Therefore, the only parameter of the model is the time t.Re ! Rc/.

The fits of the experimental curves given in Fig. 1.5 give t.1:1 ! 5 Å/ D 80˙
20 fs for both NC C NC channels and t.1:1 ! 5 Å/ D 120˙ 20 fs for the N2C C N
channel. These dissociation times are larger than the pulse duration. This is an a
posteriori validation of the method although shorter pulses are highly desirable in
order to increase the temporal resolution. Assuming a quasi-Coulombic dissociation
of the NC C NC channels for R < Rc, i.e. U.R/ D ˛=R where the parameter ˛
is given by the dissociation energy E D U.Re/ D ˛=Re, the dissociation times
t.1:1 ! 5 Å) are smaller than 40 fs for both NC C NC channels.

The larger measured dissociation times are to be assigned to chemical bindings
in N2C

2 which slow down the dissociation process even for purely dissociative states.
The high density of states of N2C

2 may require a more resolvent excitation pulse than
our pump pulse in order to select a particular spectral range of N2C

2 . Several schemes
may be proposed including harmonic generation. Valence double photoionization
with a single photon might be possible although the corresponding cross section
is very weak. This type of experiment may require laser systems with very high
repetition rates.

1.4 Double Ionization of H2 at 10 and 40 fs

The ultrafast dynamics of H2 and HC
2 molecules and the charge transfer transition

1s�g-2p�u in HC
2 give rise to a rich set of phenomenon such as Bond Softening,

Bond Hardening, or Charge Resonance Enhanced Ionization [14, 24]. Single ion-
ization of H2 is expected to produce a vibrational wave packet in HC

2 since the
equilibrium internuclear distance RC

e D 1:052 Å of the molecular ion is larger than
the equilibrium distance Re D 0:741 Å of the neutral molecule. Therefore, double
ionization may take place while the ion internuclear distance moves. Non sequential
double ionization processes are mainly due to rescattering-induced double ioniza-
tion. The instantaneous ejection of both electrons in a very short time window in
comparison with the laser optical period has not been observed yet using laser pulses
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in the near infrared-visible optical range. Sequential double ionization results from
the single ionization of HC

2 with no correlations with the first ejected electron. It may
occur several optical cycles after the first ionization step when the laser intensity is
increased. The time delay between both ionization events is encoded in the proton
spectrum which gives the internuclear range where the second ionization occurs.
Indeed the proton spectrum and the internuclear distance distribution are linked by
the E D 1=R transformation where E and R are, respectively, the total KER and
the internuclear distance in atomic units.

Figure 1.6 presents proton spectra recorded at 8�1013 Wcm�2 in linear polariza-
tion and 1:6 � 1014 Wcm�2 in circular polarization with 40-fs pulse durations. The
laser intensities are kept lower than the saturation ionization intensity of H2 in order
to prevent any depopulation of the neutral molecule ground state. Using linear polar-
ization and 40-fs laser pulses, this saturation intensity is around 2 � 1014 Wcm�2.
Here, the total proton spectra are represented in order to get the total proton yield.
From covariance mapping, we know that protons with energies below 2 eV come
from the HC C H fragmentation channel. These protons are not correlated to any
double ionization event as it can be seen in Fig. 1.1.

No fast protons are detected in both polarizations. Although rescattering only
occurs in linear polarization, no difference is detected between linear and circular
polarizations. At energies above 2 eV, both spectra are dominated by Charge Reso-
nance Enhanced Ionization with a maximum of �3 eV. The 1s�g-2p�u transition
matches the photon energy at R D 2:5 Å at 800 nm. At this distance, the ion-
ization of HC

2 gives a proton energy of 2.9 eV. At 40 fs, the vibrational nuclear
wave packet of HC

2 has enough time to reach the internuclear range where enhanced
ionization takes place. The associated very large probability leads to proton spectra
which are dominated by this effect [14]. Concerning the similar heights of proton
spectra in both polarization states, no particular conclusion can be drawn because of
the strong angular discrimination of the ion spectrometer. The laser intensities are
set in order to get the same electric field strength in both polarizations.

Fig. 1.6 Proton KER spectra
recorded from H2 using 40-fs
laser pulses. Full curve: linear
polarization and
8� 1013 Wcm�2. Dotted
curve: circular polarization
and 1:6� 1014 Wcm�2
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Figure 1.7 presents proton spectra recorded with the same laser intensities but
with 10-fs pulses. The saturation ionization intensity of the neutral molecule is
higher with few-cycle pulses than with 40-fs laser pulses. In linear polarization,
the enhancement of the proton signal up to 13 eV is a clear signature of ultrafast
non sequential double ionization. Moreover, the absence of this enhancement in
circular polarization signs the rescattering origin of high-energy protons. Instanta-
neous double ionization should be independent of the polarization state. The dashed
curves represent proton spectra which might be expected from an instantaneous
double ionization of H2 with a maximum around 9.4 eV and single ionization of
HC

2 with a maximum around 6.7 eV. These spectra are calculated assuming that the
molecules are in their ground vibrational state and using the E D 1=R transforma-
tion with the associated normalization, where E and R are, respectively, the total
KER and the internuclear distance in atomic units. The extension of the experimen-
tal spectrum over the range of both calculated spectra shows the ultrafast dynamics
of the nuclear wave packet during the rescattering process. Such a behavior has
been reported in high-order harmonic generation which follows the same rescatter-
ing dynamics [42,43]. Varying the pulse duration from 30 fs down to 8 fs, Alnaser et
al. have been able to distinguish the first electronic wave packet return from the third
one and their respective contributions to the proton spectra. However, Légaré et al.
using 8.6 fs pulses and a similar detection scheme do not report such a detailed
rescattering pattern but a pronounced Charge Resonance Enhanced Ionization peak
[44] that is not reported in reference [38] and does not appear here in Fig. 1.7. The

Fig. 1.7 Proton KER spectra recorded from H2 using 10-fs laser pulses. Full curve: linear polar-
ization and 8 � 1013 Wcm�2. Dotted curve: circular polarization and 1:6 � 1014 Wcm�2. The
dashed curves centered at 6.7 and 9.4 eV represent the proton spectra expected from, respectively,
the instantaneous ionization of (X2˙C

g , vC D 0) HC

2 ions and instantaneous double ionization of

(X1˙C

g , v D 0) H2 molecules
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similarities and differences between spectra recorded with sub-10 fs laser pulses
indicate the high sensitivity of double ionization in H2 regarding ultrashort pulses.

In Fig. 1.7, there are humps at 4.5 eV which correspond to sequential ionization
in both polarizations. The energy range of these humps is significantly larger than
the energy range around 3 eV of Charge Resonance Enhanced Ionization in Fig. 1.6.
Within 10 fs, the molecular ion nuclear wave packet does not have time to explore
the enhanced ionization distance range. As the laser intensity is increased, sequential
ionization is expected to dominate the double ionization dynamics. In Fig. 1.8, the
sequential ionization broad structure between 4.5 and 6 eV is shifted toward higher
energies as the laser intensity gets higher. Indeed the time delay between the first
and second electron ejections decreases as the laser intensity is increased because
of the steeper leading edge of the pulse at higher intensities [29]. In the same time,
the relative rescattering probability decreases because single ionization is saturated
and sequential ionization dominates the overall dynamics. Rescattering is detected
at relatively low intensities around 5 � 1013 Wcm�2. The corresponding electron
maximum energy is 3:17Up D 9:5 eV when it recollides the HC

2 ion core. This
energy is well below the ionization potential of HC

2 which is 29.9 eV for the ground
vibrational level vC D 0. In consequence at low laser intensities, recollision cannot

Fig. 1.8 Proton KER spectra recorded from H2 using linearly-polarized 10-fs laser pulses. The
spectra are normalized to the same H2 pressure. From top to bottom, the laser intensities are,
1:5�1015 Wcm�2, 8:7�1014 Wcm�2, 4:7�1014 Wcm�2, 2:7�1014 Wcm�2, 1:5�1014 Wcm�2,
7:8 � 1013 Wcm�2, 5:6� 1013 Wcm�2, and 3:1� 1013 Wcm�2
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Fig. 1.9 Proton spectra
recorded from H2 using 10-fs
pump, probe, and
pump–probe laser excitation
schemes. Dashed curve:
pump pulse at
1:4� 1015 Wcm�2. Dotted
curve: probe pulse at
3:4� 1013 Wcm�2. Full
curve: same above pump and
probe pulses where the probe
pulse delay is 24 fs

eject directly the second electron but produces sufficient excitation of the ion core
HC

2 for a subsequent efficient field ionization leading to the ejection of the second
electron. This behavior was observed with other molecules such as N2, CO2, and
C2H2 [13].

Finally, we made a distinction between bare sequential double ionization and
Charge Resonance Enhanced Ionization which are both sequential processes. The
differences between both processes are illustrated in Fig. 1.9. The dashed curve is
the proton spectrum recorded with a single 10-fs pulse at 1:4 � 1015 Wcm�2. The
broad hump around 5.5 eV corresponds to bare sequential double ionization. The
dotted curve is the proton spectrum recorded with a single 10-fs pulse but at a much
smaller laser intensity 3:4 � 1013 Wcm�2. As expected from Fig. 1.8, the double
ionization proton signal above 2 eV is very weak. When this weak pulse is delayed
24 fs after the main pulse, the pump–probe spectrum represented by the full curve
exhibits a peak around 2.9 eV in addition to the broad peak. This new peak is the
signature of Charge Resonance Enhanced ionization. Within 24 fs, the nuclear wave
packet has time to explore the enhanced ionization distance range.

1.5 Coulomb Explosion of N2 at 10 and 40 fs

Except for H2 and its isotopes, Coulomb explosion imaging requires charge states
higher than 2. Indeed molecular dications exhibit a dense pattern of non-Coulombic
electronic states due to chemical binding forces. In general, the ionization sequence
leading to the high charge states is difficult to identify in terms of sequential or
non sequential multiple ionization. Therefore, the pulse duration remains the main
indicator of time resolution. The optical period might be considered in the case of
rescattering non sequential processes. However multi-cycle ionization events are not
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to be completely excluded even for few-cycle laser pulses. A single-cycle multiple
ionization sequence would demand carrier-envelope-phase-locked pulses with only
one optical cycle in the pulse duration, i.e., within the full-width at half-maximum.
The femtosecond contrast of such pulses should be very high in order to avoid any
ionization in the foot of the leading edge of the pulse.

Here, we present results with recorded for the N2 molecule with 10- and 40-fs
laser pulses. The first interesting case is double ionization. The main difference with
the H2 molecule lies in the greater similarities between the X1�C

g electronic ground

state of N2 and X2�C
g electronic ground state of NC

2 . For instance, the equilib-

rium internuclear distances, respectively, 1.098 and 1.116 Å for N2 and NC
2 , and the

vibrational constants, respectively, 2,359 and 2,207 cm�1 for N2 and NC
2 , are much

closer than in the case of H2. For these reasons, we do not expect a well developed
nuclear wave packet as in the case of H2. For instance, the Franck–Condon factor
between the ground vibrational state of N2 and the ground vibrational state of NC

2

is 90%. In consequence, the internuclear range is expected to be quite similar for
double ionization using 10- or 40-fs pulses on the contrary to the H2 situation. This
behavior is illustrated in Fig. 1.10, which represents the energy spectra of NC ions
belonging to the NC CNC fragmentation channel. The same structures are observed
with both pulse durations. These structures are commented in Sect. 1.3 in terms of
the dissociation lifetimes.

The situation is different for the ionization sequence leading to the N4C
2 tran-

sient molecular ion. In particular, the N3C
2 precursor transient molecular ion is

expected to dissociate on a much shorter time scale than the N2C
2 dication discussed

in Sect. 1.3. In N3C
2 , binding forces are now dominated by the Coulomb repulsion

forces [45]. Therefore, the N2C C N2C fragmentation channel from N4C
2 is a good

Fig. 1.10 Normalized
covariance energy spectra of
NC ions from the NC C NC

fragmentation channel of N2

recorded at 3 laser intensities
4� 1014 Wcm�2,
8� 1014 Wcm�2,
2� 1015 Wcm�2, and with
different pulse durations 40
and 10 fs
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Fig. 1.11 Kinetic energy spectra of N2C ions from N2 recorded at 2 � 1015 Wcm�2 and 40 and
10 fs pulse durations. For each pulse duration, the upper curves represent spectra of all the detected
N2C ions. The labels A, B, C, and D represent respectively, N2C ions coming from the (A) N2C C
N, (B) N2C CNC, (C) N2C CN2C, and (D) N2C CN3C fragmentation channels. These channels
are determined using covariance mapping. The lower curves represent the (N2C, N2C) covariance
spectra that identify the N2C C N2C without any ambiguity. The dashed curve in the bottom
panel underneath the (C) N2C C N2C covariance spectrum represents a fit of the energy spectrum
assuming a Gaussian radial distribution of the internuclear distance following (1.3). See text for
explanations

candidate in order to get an idea of the required pulse duration for Coulomb explo-
sion. Figure 1.11 represents the N2C kinetic energy spectra recorded at 10 and 40 fs
using the same peak laser intensity 2 � 1015 Wcm�2. Structures labeled A, B, C,
and D are associated to different fragmentation channels involving the N2C ion.
The N2C C N2C fragmentation channel labeled C is identified by the covariance
spectra represented by the lower curves. An important shift toward higher energies
is observed when the pulse duration is reduced to 10 fs. Therefore, molecular explo-
sion occurs at shorter internuclear distances. In addition, the relative branching ratio
of the N2C C N2C channel is weaker at 10 fs than at 40 fs as it can be seen from the
heights of the B and C structures. This result is consistent with higher KER at 10 fs.
Indeed, the multiple ionization thresholds scale as 1=R where R is the internuclear
distance. Therefore, the N4C

2 threshold is higher at shorter internuclear distances
and the corresponding ion yield is weaker than the ion yield obtained with longer
pulses at larger internuclear distances.

For molecules in their ground vibrational state, the radial distribution �2.R/ of
the internuclear distance R may be approximated by a Gaussian
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�2.R/ D 1

�
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�
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�
R �Re

�

�2
#

; (1.3)

assuming a perfect harmonic oscillator with � D p„=�! where � is the reduced
mass and ! is the vibrational angular frequency. In the case of N2 in the ground
state X1˙C

g , v D 0 the equilibrium distance is Re D 1:10 Å and the width is
� D 0:045 Å. The harmonic oscillator approximation is excellent because of the
very large dissociation energy D 0

0 D 9:759 eV in comparison with the vibrational
spacing „!e D 0:29 eV. Equation (1.3) may be used in order to fit the measured
ion energy spectrum with Re and � as fitting parameters. The relation between the
energy spectrum S.E/ and the radial distribution �2.R/ is S.E/ D �2.R/jdR=dEj
where the energy E D 4=R is the Coulomb repulsion energy in atomic units. The
dashed curve in the N2C spectra at 10 fs of Fig. 1.11 represents such a fit. Although
the procedure may not be rigorous because of the unknown multiple ionization path-
way leading to N2CCN2C, the extracted internuclear distanceRexp

e D 1:15˙0:02 Å
and width �exp D 0:15˙0:02 Å are significant of the laser experiment. The ˙0:02 Å
error corresponds to the internuclear range where the fit is satisfactory. The extracted
distance Rexp

e may be regarded as not too far from the tabulated equilibrium value
Re. However, the extracted width �exp is significantly larger than the zero-point
vibrational internuclear range � . Moreover in Fig. 1.11, the disagreement between
the experimental data and the fit is much more pronounced in the low-energy wing
of the covariance spectrum. Therefore, the large width �exp comes from the stretch-
ing of the molecular system during multiple ionization even for pulse durations as
short as 10 fs.

Finally, the energies of the maxima of the N2C C N2C spectra are plotted as a
function of the laser intensity in Fig. 1.12. These energies increase with the inten-
sity because of the steeper leading edge of the pulse at higher intensities. The same
behavior is observed in H2 in Fig. 1.8. When the peak laser intensity is increased,
the time delays between multiple ionization events become smaller and the inter-
nuclear distance stretching is less pronounced. This intensity dependence of the
KER shows the ultrafast dynamics of nuclear motions during multiple ionization. At
high intensities, the measured energies are close to the repulsion energies for 10-fs
pulses and may lead to the internuclear distance determination. Future experiments
will demand even shorter pulse durations in order to get rid of the laser intensity
dependence.

1.6 Conclusion

Laser-induced ultrafast Coulomb explosion imaging of molecules may be consid-
ered as a very simple imaging technique which requires a compact laser system,
a pulse post-compression set-up, and a conventional ion time-of-flight spectrom-
eter. Concerning the ultrafast laser source, the hydrogen molecule constitutes a
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Fig. 1.12 KER of the N2C C N2C fragmentation channel at 10 and 40 fs as a function of the laser
intensity. These energies are the energies of the maxima of the corresponding KER spectra. The
Coulomb repulsion energy is the electrostatic repulsion energy calculated at Re.N2/ D 1:098 Å

remarkable benchmark for intense few-cycle laser pulses. In addition to non sequen-
tial double ionization and Charge Resonance Enhanced Ionization reported above,
new effects such as auto-double-ionization may be observed in the future [46].
Sequential double ionization remains an interesting diagnostic for intense few-cycle
pulses with intensities above the single ionization saturation intensity. Recently, a
full-quantum non-Born-Oppenheimer model was developed and gives good agree-
ments with the experimental data for 10-fs pulse durations [47]. This model predicts
a high sensitivity of the proton spectra for pulse durations down to 1 fs. For heav-
ier molecules such as N2, few-cycle pulses permit to multiple ionize the molecule
without any significant stretching. The reduction of the pulse duration down to a
few femtoseconds is highly desirable in order to freeze the nuclear motions and to
avoid the pulse rise time effects reported here for N2. Finally, the pump–probe exci-
tation scheme opens the door to ultrafast dynamics studies of excited and ionized
molecular species. In addition to the reported experiment for N2, let us mention the
real-time visualization of hydrogen migration in the acetylene-vinylidene dication
isomerization reported by Hishikawa et al. [48]. These techniques may be of interest
for the recently reported efficient ejection of HC

3 ions from molecules which do not
have any methyl group [49].

Results presented in this paper have been obtained in Saclay over the past few
years. The work of undergraduate students E. Baldit, C. Beylerian, and C. Bondoux
and graduate student S. Saugout as well as the technical assistance of M. Bougeard,
D. Guyader, A. Fillon, and G. Le Chevallier are gratefully acknowledged. This
research is supported by ANR (Agence Nationale de la Recherche, Projet Image
Femto, décision d’aide No. ANR-07-BLAN-0162-01).
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Chapter 2
Quantum Switching of Magnetic Fields
by Circularly Polarized Re-Optimized � Laser
Pulses: From One-Electron Atomic Ions
to Molecules

Ingo Barth and Jörn Manz

Abstract Circularly polarized re-optimized � laser pulses may induce electronic
and/or nuclear ring currents in model systems, from one-electron atomic ions till
molecules which should have three-, four-, or higher-fold axes of rotations or
reflection-rotations, in order to support doubly or more degenerate, complex-valued
eigenstates which support these ring currents. The ring currents in turn induce mag-
netic fields. The effects are about two orders of magnitude larger than for traditional
ring currents which are induced by external magnetic fields. Moreover, the laser
pulses allow to control the strengths and shapes of the ring currents and, therefore,
also the induced magnetic fields. We present a survey of the development of the
field, together with new quantum simulations which document ultrafast switchings
of magnetic fields. We discuss various criteria such as strong ring currents with small
radii, in order to generate huge magnetic fields, approaching 1,000 T, in accord with
the Biot–Savart law. Moreover, we consider various methods for monitoring the
fields, and for applications, in particular ultrafast deflections of neutrons by means
of quantum switching of the ring currents and induced magnetic fields.
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2.1 Introduction

Recent quantum dynamics simulations predict that circularly polarized laser pulses
may induce stationary ring currents or time-dependent charge circulations in model
systems, with applications from the hydrogen atom or one-electron atomic ions
[1, 2] to molecules [3–13], see also [14, 15], circular carbon clusters [16], nano-
rings [17–20], and nanotubes [21]; for pioneering applications to Rydberg states
see [22–27]. These ring currents and charge circulations in turn induce stationary
[2, 4, 7–9, 28] and time-dependent [28] magnetic fields in the model systems,
respectively. From a theoretical perspective, a stationary ring current is described
in terms of a single complex stationary degenerate eigenfunction of the system,
carrying angular momentum; different eigenstates correspond to different ring cur-
rents and, therefore, to different induced stationary magnetic fields [28]. As a rule,
the corresponding stationary densities and charge distributions often have typical
toroidal or near-toroidal shapes [2, 7–9, 11, 28]; exceptions from this rule (e.g.,
for ring-shaped molecules) are documented in [4, 28], see also Fig. 2.3b below.
Recently, this characteristic signature has been observed experimentally in ionized
states of atoms induced by well-designed circularly polarized laser pulses [29]. In
contrast, charge circulations, i.e., non-stationary ring currents, are represented by
time-dependent wave packets, which carry non-zero angular momentum, and corre-
sponding time- and angle-dependent densities; again as a rule, the centers of these
non-stationary densities and corresponding charge distributions move along toroidal
or near-toroidal paths about the axis of symmetry (e.g., molecular axis) [10,12,28];
for exceptions from this rule (e.g., for ring-shaped molecules) see [3,5,6,28]. These
wave packets are also called “hybrid states” which are superpositions of at least one
of the complex eigenfunctions which support ring currents, plus others which have
different eigenenergies, e.g., the ground state.

The condition that laser-induced ring currents supporting magnetic fields are
represented by complex eigenfunctions is essential because otherwise real eigen-
functions (or eigenfunctions which are real except for a phase factor) would yield
zero flux/current densities, see e.g., [28, 30–32]. At the same time, this condition
imposes the constraint of special symmetries for suitable model systems, i.e., they
should support at least one, two- or higher-dimensional irreducible representation
with corresponding doubly or more degenerate symmetry-adapted basis functions.
This requirement is satisfied automatically for model systems which possess a prin-
ciple axis of n-fold rotation or rotation–reflection, where n � 3, including the
H atom and one-electron atomic ions (n D 1) [1, 2], or linear molecules (n D 1)
[7–12] and nanorings (n � 1) [17–20], or molecules which have, e.g., Dnh sym-
metry (n � 3) such as Mg-porphyrin (n D 4) [3–6] or benzene (n D 6); other
possible symmetries include Cnv (n � 3), Dnd (n � 2), or tetrahedral (e.g., CH4,
UH4, or more generally AB4) or icosahedral molecules (e.g., C60) or clusters, If
the ideal symmetry of the system is just “weakly broken” such that it possesses
near-degenerate states, it may still support temporary charge circulations [33, 34].
All other molecules do not allow excitations of ring currents (e.g., there are no sta-
tionary ring currents in molecules with D2h symmetry such as ethylene, because
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circularly polarized laser pulse

ring current
(electronic or nuclear)

induced
magnetic field 

Fig. 2.1 Induction of ring currents and magnetic fields by circularly polarized laser pulses
(schematic)

D2h has only one-dimensional irreducible representations). Below we shall focus
on quantum switching of magnetic fields which are supported by ring currents in
systems with suitable symmetries. The term “quantum” implies quantum dynam-
ics simulations of the processes which are induced by means of well-designed laser
pulses. “Switching” is understood in the general sense, i.e., switching-on and -off, or
switching the direction of the magnetic fields. These effects will be achieved simply
by switching-on and -off the underlying ring currents, or switching their directions,
e.g., from “left” to “right” ring currents (for a discussion of the definitions of left
versus right circularly polarized fields and corresponding ring currents, see [4] and
the literature cited therein).

The net effect from circularly polarized laser pulses via ring currents to induced
magnetic fields in model systems with proper symmetry is sketched schematically in
Fig. 2.1. It is related to the Inverse Faraday Effect [35–37]. The photons of the left
and right circularly polarized laser pulses carry angular momenta 1 „ with oppo-
site helicities, which are transferred to the system causing corresponding opposite
changes of the angular momenta of the ring currents, e.g., from the non-degenerate
ground state to degenerate excited states with opposite magnetic quantum numbers
�„ or C„, respectively. Since the circularly polarized driving fields E.t/ may be
decomposed into two perpendicular components (say EX .t/ and EY .t/) perpendic-
ular to the direction of propagation (say Z, in the laboratory frame), similar effects
may also be achieved by more general laser pulses which possess two perpendicular
components with proper phase relationships, [12, 17, 33, 34], e.g., optimal control
fields [20]. Experimental preparations of these types of circularly polarized or more
general laser pulses have been demonstrated, e.g., in [38–42], see also [43].

The ring currents and magnetic fields induced by laser pulses turn out to be much
stronger (typically by two orders of magnitude) than those induced by the traditional
approach which is based on applying static external magnetic fields, compare, e.g.,
[4] and [44,45] (see also the reviews [46–48]), respectively. The reason is that laser
pulses can induce currents which correspond to excitations of full charges (e.g., �1 e

for single electron excitation), or even more. In contrast, present technology restricts
the strength of permanent external magnetic fields to less than 100 T [49], and these
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magnetic fields may induce only rather weak ring currents corresponding to station-
ary fluxes of �1=100 e or less. Indeed, one would need external permanent magnetic
fields of the order of 10,000 T in order to induce similarly strong effects as laser
pulses – a scenario which exists in cosmic domains, see e.g., [50–52], but which is
far out of reach of present technology in the laboratory. This comparison indicates
the enormous advantage of the suggested new approach to ring currents and induced
magnetic fields, generated by circularly polarized laser pulses.

Another fundamental advantage is that laser pulses allow active control of the
strengths and shapes of the ring currents and, therefore, also the magnetic fields,
simply by exciting different degenerate eigenstates, by means of well-designed con-
trol laser pulses [28]. In contrast, from a theoretical perspective, permanent external
magnetic fields even as strong as 100 T are still in the weak-field that is linear
response regime, i.e., they do not allow any control of the induced ring currents.
The second advantage, i.e., controllability, puts the present topic into the general
realm of quantum control by means of laser pulses, see e.g., [53–55].

The purpose of this article is twofold: In Sect. 2.2, we present a survey of the
development of the field, focusing on our approach which is based on circularly
polarized re-optimized � laser pulses applied to model systems from the hydro-
gen atom or one-electron atomic ions and to pre-oriented/aligned molecules, in
the non-relativistic regime [2, 4, 7–9, 11, 28]; for relativistic extensions including
ring currents caused by electron spins, see e.g., [56], see also [57]. Quantum con-
trol by � laser pulses, or series of � laser pulses, is based on some experience of
our group which goes back to state-selective bond breaking [58], and subsequent
extensions including control of isomerization reactions by pump-dump IR � pulses
[59, 60], photo-association [61], as well as separation of enantiomers [62–64]; see
also [65–68] and the reviews [69–71]. Section 2.2 will also present the nomencla-
ture and discuss the necessary conditions for observing the effects. Most of these
applications deal with switching-on the ring currents and corresponding magnetic
fields starting from the systems in the non-degenerate ground state. Reversibility
of time and helicity implies that subsequent application of the dump laser pulse
would induce the opposite effect, i.e., switching-off; in practice, deviations from
perfect reversibility might cause competition of other processes, e.g., climbing to
higher levels. In Sect. 2.3, we shall present an extension, i.e., we shall assume that
the system has already been switched on to a complex eigenstate, which represents
a ring current with corresponding magnetic field, and then we shall show how one
can employ a sequential series of re-optimized � laser pulses with opposite circular
polarizations in order to switch the original direction of the ring currents to the oppo-
site one, together with the associated switch of the direction of the magnetic fields.
The concept is motivated by pioneering work by E.K.U. Gross and coworkers who
could demonstrate the switch of the directionality of the ring currents in nanorings,
by means of optimal laser pulses with a change of the helicity [20]. The conclu-
sions are in Sect. 2.4, including an outlook to applications to favorable systems,
and to analysis and control of nuclear vibrations and chemical reactions induced by
ultrafast interactions with neutrons, due to pulsed deflections by switched magnetic
fields.
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2.2 Survey on Quantum Switching-on the Ring Currents
and Magnetic Fields

Our previous work on quantum switching-on the ring currents and magnetic fields
by means of circularly polarized re-optimized � laser pulses has been developed
as documented in full detail in [2, 4, 7–9, 11, 28]. The present survey aims at a
presentation of the essentials. For this purpose, let us start with setting the exem-
plary scenario, i.e., we assume that the system is excited by means of a right (C) or
left (�) circularly polarized re-optimized � laser pulse which propagates along the
Z-axis in the laboratory frame, with electric field centered at the time t D 0

E˙.t/ D E0s.t/ .cos.!t C �/eX ˙ sin.!t C �/eY / ; (2.1)

where E0 is the amplitude, ! the carrier frequency, � the phase, and eX and eY

the unit vectors point along the X - and Y -directions. The electric field may also be
defined in terms of the vector field,

E˙.t/ D � d

dt
A˙.t/; (2.2)

see e.g., [6–11, 28]. This option is recommended in particular for ultrashort, few-
cycle laser pulses because the resulting electric fields satisfy automatically the
condition [72],

Z 1

�1
E˙.t/ dt D 0: (2.3)

The phase � turns out to be irrelevant for the present applications to excitations of
stationary ring currents and will be set to zero; in contrast, the phase may be sig-
nificant in the case of excitations of time-dependent charge circulations, see e.g.,
[73] and Sect. 2.1, and for switching, see Sect. 2.3. The shape functions s.t/ of
transform-limited experimental laser pulses are Gaussian envelopes, which are well
approximated by cosn laser envelopes, in the limit n ! 1 [74]; see also [6]. The
application for Mg-porphyrin shown below employ a cos20 laser pulse, the others
use, however, the traditional cos2 shape function, as suggested in [65],

s.t/ D
�

cos2.�t=tp/ for jt j � tp=2

0 for jt j > tp=2
; (2.4)

where tp denotes the total pulse duration. The full width at half-maximum for the
corresponding time-dependent intensity [75]

I.t/ D c"0jE˙.t/j2 (2.5)
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is [4, 74]

� � 0:364 tp � 3:295 „=�: (2.6)

where � is the spectral width of the laser pulse. The corresponding maximum
intensity is

Imax D c"0E2
0 : (2.7)

Furthermore, we assume that the system (with system-adapted coordinates
x, y, z) has been suitably pre-oriented or -aligned along the Z-axis, i.e., z D Z.
For atoms or atomic ions, the pre-orientation or -alignment is, of course, unneces-
sary. Else one may employ any of the techniques which have been developed for
orientations or alignments of molecules, see e.g., [76–78]. An explicit example of
quantum dynamics simulations for pre-orientation of polar molecules based on the
method of [79,80], followed by the excitation of ring currents and magnetic fields, is
given in [8, 9, 28]. In this scenario, initial pre-orientation or -alignment is restricted
to a finite period �ori or �ali, respectively; subsequently, periodic events of similar
pre-orientation or -alignment may occur due to rotational revivals. It is mandatory
that the ring currents and induced magnetic fields are switched on or off during
these periods of pre-orientation or -alignment, i.e., the duration � of the exciting or
de-exciting laser pulses must be shorter than �ori or �ali,

� < �ori or � < �ali: (2.8)

Next let Hsys be the Hamiltonian of the pre-oriented or -aligned system, with cor-
responding discrete (bound state) eigenfunctions j�i i (short-hand notation: jii D
j�ii) and eigenenergies Ei which are obtained as solutions of the time-independent
Schrödinger equation

Hsysjii D Ei jii: (2.9)

In case of the H atom or one-electron atomic ions, the jii are simply the cor-
responding atomic orbitals (AOs); else one has to employ quantum chemical or
other numerical methods in order to determine the eigenstates of the system, see
e.g., [7–11]. In semi-classical dipole approximation, the laser driven dynamics is
described in terms of the wave packet j�.t/i which is obtained as solution of the
time-dependent Schrödinger equation

i„ @

@t
j�.t/i D .Hsys � M � E˙.t//j�.t/i (2.10)

with dipole operator M. Below, we assume that the laser pulses are not all too strong
so that we may neglect competing transitions into the continuum such as bond break-
ing or ionization. The wave packet j�.t/i may then be expanded in terms of the
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eigenstates,

j�.t/i D
X

i

Ci .t/jii exp.�iEi t=„/ (2.11)

with populations

Pi .t/ D jCi .t/j2: (2.12)

Inserting this ansatz into the time-dependent Schrödinger equation (2.10) yields the
equivalent set of differential equations for the time-dependent coefficients

i„ d

dt
Cj .t/ D �

X

i

Ci.t/hj jMjii � E˙.t/ exp.�i!ij t/ (2.13)

with transition frequencies

!ij D Ei � Ej

„ : (2.14)

In the applications of [2–11, 28], the system is initially in the non-degenerate
ground state jgi D j0i, that is, Ci .t D t0 D �tp=2/ D ı0i , and the laser frequency
! is tuned resonant or near-resonant to a particular transition frequency, specifically
for excitation from the ground jgi to a pair of degenerate excited states, jii D jeCi
and ji C 1i D je�i, denoted for simplicity as

Q! D !eC;g D !e
�

;g D Ee
˙

� Eg

„ : (2.15)

Here, the complex eigenstates, jeCi and je�i, may be expressed in terms of two real
ones

je˙i D 1p
2

.jexi ˙ ijeyi/; (2.16)

similar to the relations of complex atomic orbitals j2pCi and j2p�i and real
ones j2pxi and j2pyi. Other examples of pairs of degenerate complex eigenstates
expressed in terms of two real ones are listed schematically in Fig. 2.2. These exam-
ples include such different systems as toroidal electronic states j˘Ci and j˘�i of
linear molecules [81], or excited electronic states jECi and jE�i, with irreducible
representation E , of Mg-porphyrin [4], or pseudorotational states with short-hand
notation jvl

b
i D j11i � jvb;Ci and j1�1i � jvb;�i representing complex linear

combinations of the first excited x- and y-polarized bending vibrational states jvb;xi
and jvb;yi of linear triatomic molecules or ions, such as CdH2 [10] and FHF� [11].
In general, laser pulses may generate superpositions (2.11) of these states plus other
ones. Then, we are interested, e.g., in the generation of mean angular momentum or
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Fig. 2.2 Complex degenerate eigenstates constructed from degenerate real ones (schematic), see
also [28]: (a) atomic orbitals jpi [2]; (b) excited electronic states j˘i of linear molecules [7–9];
(c) excited electronic states jEi of Mg-porphyrin with irreducible representations E [3–6]; (d) first
excited pseudorotational states of symmetric (D

1;h) triatomic linear molecules, represented in
terms of orthogonal degenerate bending states [10, 11]

magnetic quantum numbers

hl.t/i D
X

n;l;m

lPnlm.t/ (2.17)

hm.t/i D
X

n;l;m

mPnlm.t/ (2.18)

of superpositions of atomic orbitals, or in the time evolution of the mean values of
the bending (vb) or pseudorotational (l) quantum numbers

hvb.t/i D
X

vb ;l

vbPvl
b
.t/ (2.19)

hl.t/i D
X

vb ;l

lPvl
b
.t/ (2.20)

of superpositions of states jvl
b
i.

The pulse duration � is chosen such that on one hand, the corresponding spectral
width � is smaller than the energy gap �E between the target and neighboring
states with the same irreducible representation,

� � 3:295 „=�E; (2.21)
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cf. (2.6). On the other hand, � should be shorter than the time of pre-orientation or
-alignment �ori or �ali (if this is required), cf. (2.8), as well as the lifetime �e of the
excited states, which may be limited by spontaneous emission [2] and/or dissipative
or other competing processes,

� � �e: (2.22)

The antagonistic conditions (2.21) and (2.8), (2.22) may restrict the possible choices
of � to rather narrow domains of suitable pulse duration, see the discussion in [2].
The general solution (2.11) then reduces to approximately three dominant con-
tributions including the ground and two degenerate excited states of the target
level

j�.t/i D Cg.t/jgi exp.�iEg t=„/ C Ce
C

.t/jeCi exp.�iEe
C

t=„/ (2.23)

CCe
�

.t/je�i exp.�iEe
�

t=„/:

In rotating wave approximation (RWA, cf. [82–85]), the solutions for a right circu-
larly polarized resonant laser pulse are

Cg.t/ D cos

�
ME0

„
Z t

t0

s.t 0/ dt 0
�

(2.24)

Ce
C

.t/ D i sin

�
ME0

„
Z t

t0

s.t 0/ dt 0
�

exp.�i!t0/ (2.25)

Ce
�

.t/ D 0; (2.26)

where M denotes the transition dipole matrix element (assuming x D X )

M D hgjMxjexip
2

; (2.27)

that is, the right circularly polarized laser pulse transfers population selectively
from the ground state jgi, which is assumed to be totally symmetric, to the excited
state jeCi excluding the decoupled state je�i. Inserting the shape function (2.4)
then yields complete population transfer, Cg.t D tf D tp=2/ D 0 at the final time
t D tf, if

jME0tpj D �„: (2.28)

For the chosen target transition jgi ! jeCi and pulse duration � (cf. (2.8), (2.21),
(2.22)), expressions (2.1) and (2.4) together with the condition (2.28) may be con-
sidered as definition of a right circularly polarized � laser pulse. The resulting field
strength E0 should be sufficiently low such that the maximum intensity Imax (2.7)
does not exceed certain thresholds Ithr for competing processes, e.g., ionization; typ-
ical values for one-electron atomic ions and molecules are Ithr � 1015 W cm�2 and
Ithr � 1012 W cm�2, respectively. It implies the condition
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� � 0:364 �„
jM jpIthr=.c"0/

; (2.29)

in addition to the inequalities (2.8), (2.21), (2.22). Equivalent expressions are
obtained for the corresponding left circularly polarized � laser pulse yielding
selective population transfer from the ground jgi to excited je�i states.

The laser parameters for the � pulse (2.8), (2.15), (2.21), (2.22), (2.27), (2.28),
and (2.29) serve as reference. Subsequently, these parameters are varied systemat-
ically (analogous to [69, 70]) such that the time-dependent Schrödinger equation
(2.10) yields optimal populations of the target state jeCi (or je�i) when it is solved
numerically, using Runge–Kutta propagation with a large, converged (�3) set of
basis functions in the expansion (2.11). In practice, “optimal populations” of the tar-
get state are hardly ever perfectly equal to 1, but usually they are sufficiently close
to 1. Accordingly, the corresponding ring currents and magnetic fields which are
associated with the target states jeCi or je�i are switched on more or less perfectly.
The resulting laser pulses are called re-optimized � laser pulses. The subsequent
dump laser pulses with same circular polarizations achieve the corresponding more
or less perfect switching-off.

After the preparation of the target electronic eigenstates jeCi or je�i, for exam-
ple, the corresponding three-dimensional (3D) one-electron ring current densities
are calculated using

j˙.R D r1/ D i„
2me

N

Z
� � �
Z

.�e
˙

r��
e

˙

� ��
e

˙

r�e
˙

/ d�1dq2 : : : dqN

(2.30)
with electronic coordinates q D .r; �/ for positions and spins of N electrons.
Various approximations which facilitate the calculations have been developed in
[4, 7–9, 28] for electronic ring currents. For example, if the underlying electronic
eigenstate je˙i is expressed as multi-configurational wave function which has a sin-
gle dominant Slater determinant corresponding to single electron excitation, then
the multidimensional integral for the current density (2.30) can be reduced to the
corresponding 3D current density for the molecular orbital (MO) which carries
the electron before or after excitation. If this MO is well approximated as linear
combination of atomic orbitals (LCAO-MO), then the current density (2.30) may
be decomposed into contributions of the AOs. For analysis of the current densi-
ties of the AOs, one may employ analytical expressions which have been derived
in [2, 28]; for applications, see [7–9, 28]. Analogous definitions apply to nuclear
ring currents [28], with approximation by analytical expressions which have been
developed using simple models based on two-dimensional harmonic oscillator wave
functions [10, 11, 28].

Integration of the current density j˙.R/ over a half plane S yields the electric
ring current

I˙ D q

Z Z
j˙.R/ � dS; (2.31)
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which has units of charge per time, where q is the charge of the ring current, e.g.,
q D �e in the case of ring currents which are stimulated by means of single elec-
tron excitation. The corresponding period �I or frequency !I of the current can be
calculated using

jI˙j D jqj
�I

D jqj!I

2�
: (2.32)

Moreover, j˙.R/ defines the mean reciprocal radius with respect to the axis of the
ring current,

hR�1ij D q
R R

R�1j˙.R/ � dS
I˙

; (2.33)

or the corresponding mean ring current radius of the (unidirectional) ring current
[2, 28],

R�1 D 1

hR�1ij

: (2.34)

The definition (2.34) in terms of the reciprocal value of R (indicated by the sub-
script �1) weighted by the current density is more appropriate than the mean value
of R, i.e., R weighted by the density, for two reasons: First, the latter would yield
paradoxical finite values of a hypothetical “mean ring current radius” even if the
mean ring currents are zero. Second, we are interested in the reciprocal mean value
of R, weighted by the current because we aim at calculations of the induced mag-
netic field B˙.R/. For a classical ring loop model of a ring current I˙ about the
Z-axis with radius R, the Biot–Savart law yields the value

B˙ D ˙	0I

2R
eZ (2.35)

at the center of the ring loop, i.e., what matters is the reciprocal value of R.
Accordingly, estimates of B˙ should employ (2.35) with mean value R D R�1

(2.34). More rigorously and also more generally, we use the corresponding quantum
mechanical expression

B˙.R/ D � 	0

4�

Z Z Z
j˙.R0/ 	 .R � R0/

jR � R0j3 dV 0; (2.36)

in accord with the Biot–Savart law. In the case of nuclear ring currents of pseudoro-
tating molecules, the total ring current can be decomposed into partial ring currents
of the individual nuclei, with corresponding charges, radii, and induced magnetic
fields [28]. Simple analytical expressions have been derived for locations with spe-
cial symmetry, e.g., at the center or along the symmetry axis (e.g., Z-axis) of the
ring current [2, 7–9, 28].
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The classical approximation (2.35) to the Biot–Savart law (2.36) suggests that
the induced magnetic field should increase with increasing electric ring currents I ,
i.e., with increasing charge and frequency of the flux (2.32), and also with decreas-
ing mean ring current radius (2.34). It allows to predict several trends which may
be used as working hypotheses for the selection of systems and scenarios with large
magnetic fields induced by ring currents. For this purpose, let us consider a sim-
ple picture of electronic states with corresponding dominant Slater determinants for
electrons in occupied orbitals. In the case of one-electron atomic ions, it suffices
to consider directly the corresponding atomic orbitals. Two degenerate complex
orbitals (see Fig. 2.2) contribute to ring currents and induced magnetic fields if
they are occupied by different numbers of electrons ne

˙

, i.e., .ne
�

; ne
C

/ D .0; 1/,
.1; 0/, .0; 2/, .2; 0/, .1; 2/, or .2; 1/. For a given irreducible representation, the sizes
of the orbitals increase with orbital energy, implying, in general, increasing radii
of the ring currents. As a consequence, single electron transitions from occupied
non-degenerate orbitals to the lowest unoccupied degenerate orbitals or neighbor-
ing ones should induce stronger magnetic fields than transitions to higher degenerate
unoccupied orbitals. Likewise, single electron transitions from the lowest quadruply
occupied degenerate orbitals to non-degenerate unoccupied orbitals should induce
stronger magnetic fields than transitions starting from higher degenerate orbitals
with the same irreducible representations. As a special case of these rules, in atomic
one-electron ions, the strongest magnetic fields are induced by transitions from j1si
to j2p˙i orbitals [2]. For comparison, the induced magnetic fields in Rydberg states
are negligible [22–27].

Another general trend suggested by (2.36), (2.35) is that the induced magnetic
fields should increase with decreasing size of the system. This rule is confirmed
by the present examples, i.e., the values of B˙ induced by electronic ring currents
increase from rather large polyatomic molecules such as Mg-porphyrin [4, 28] via
diatomic molecules [7–9, 28] to one-electron atomic ions [2, 28]. Note, however,
that actually R or R�1 in (2.35), (2.34) refer to the mean radius of the ring current,
not to the size of the system, hence one may observe rather large induced mag-
netic fields even in large molecules, provided they support ring currents with small
radii. As an example, the present linear molecule or molecular ion CdH2 and FHF�
may be excited in degenerate states jvb;Ci or jvb;�i, cf. Fig. 2.2. These states repre-
sent pseudorotations of the nuclei about the molecular axis, corresponding, e.g., to
toroidal hydrogen bond in FHF� [11] and to ring currents with much smaller radii
than the system sizes, e.g., R�1 D 0:0030 a0 for the Cd nucleus in pseudorotating
CdH2 – it gives rise to the huge induced magnetic field of 318 T at the center of
the Cd nuclear ring current. This value is also supported by the rather large cur-
rent I˙ (cf. (2.31), (2.32), (2.35)), which can be estimated by the charge of the
nucleus, ZCd D 48, which is hardly shielded by electrons, within the radius of the
ring current, and the current frequency which corresponds to the bending frequency,
!I =.2�c/ D !b=.2�c/ D 629:2 cm�1 or �I D 53:0 fs, thus I D 0:91 e fs�1.

The general results are demonstrated in Figs. 2.3–2.5 for four examples, i.e.,
electronic or nuclear current densities and induced magnetic fields in excited degen-
erate states j2pCi of HeC [2, 28], j5 1EuCi of Mg-porphyrin [28] as well as the
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Fig. 2.4 (a) Nuclear ring current density (illustrated by a gray-scaled cut for the Y=Z plane)
and (b) Z-component of the induced magnetic field along the molecular Z-axis, for the excited
pseudorotational state j11i of CdH2. The current density close to the central Cd nucleus is zoomed
in by a factor 20. The current densities and the magnetic fields close to the polar protons have been
amplified by factors 2,000 and 500, respectively (adapted from [28])
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and (b) Z-component of the induced magnetic field along the molecular Z-axis, for the excited
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pseudorotational states jvb;Ci D j11i of CdH2 [10, 28] and FHF� [11, 28], respec-
tively. Most of the time, the ring currents turn out to be toroidal and so are also
the induced magnetic fields. As an exception, the case of state j5 1EuCi of Mg-
porphyrin shows rich structures of ring currents and the induced magnetic field,
suggesting forward and backward currents in different domains, according to the
molecular topology which connects four sub-rings to one global ring.

Moreover, Figs. 2.6 and 2.7 show the components of the electric fields EX.t/

and EY .t/, and intensities I.t/ of the circularly polarized laser pulses which excite
these electronic ring currents, exemplarily for HeC and Mg-porphyrin (panels a),
together with the population dynamics (panels b). The results for HeC employ the
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RWA approximation (2.24)–(2.26), whereas the results for Mg-porphyrin have been
obtained by numerical solution of the time-dependent Schrödinger equation, using
(2.2) with cos20 envelope [28]. Note the huge difference of the laser parameters,
from ultrashort, intense laser pulses which are applicable for HeC compared to
much longer and less intense laser pulses for Mg-porphyrin. The different dura-
tions of the pulses are in accord with conditions (2.8), (2.21), (2.22), (2.29), calling
for the different intensities due to (2.5), (2.28) [2,28]. In contrast, these antagonistic
conditions do not allow us to design circularly polarized re-optimized � pulse for
excitations of the nuclear ring currents in CdH2. Nevertheless, excitations of nuclear
circulations have been documented in [10,28]. Also note the huge differences of the
maximum values of the induced magnetic fields, from 0.1 to 0.2 T in Mg-porphyrin
to 318 T at the center of the nuclear ring current of the Cd nucleus in CdH2 – the lat-
ter exceeds even the largest permanent magnetic fields in present laboratories [49].
It is in accord with the Biot–Savart law (2.35), i.e., the strongest magnetic fields are
induced for large charges q, small radii R�1, and short periods �I .
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2.3 Quantum Switching the Directions of Ring Currents
and Magnetic Fields

Our previous experience (Sect. 2.2) offers a natural basis for extensions from quan-
tum switching-on and -off to switching the direction of a ring current and the
induced magnetic field in a model system, by means of the circularly polarized re-
optimized � laser pulses. For reference, we call the pulse, which has been used for
switch-on the ring current and corresponding induced magnetic field, the “second”
pump pulse, which follows the “first” pulse for pre-orientation or -alignment of the
system (if required, see the discussion in Sect. 2.2). Then, we employ two sequen-
tial laser pulses, called the “third” dump and “fourth” pump laser pulses: The (third)
dump pulse has the same parameters as the (second) pump pulse but the phase of the
dump pulse is re-optimized, whereas the (fourth) pump pulse has the same parame-
ters as the (second) pump pulse but with opposite circular polarization. The system
should again be pre-oriented or -aligned along the laboratory Z-axis (if required),
during these second, third, and fourth laser pulses, e.g., during orientation or align-
ment periods at rotational revivals after the “first” pulse. If the pulse durations �
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are several times shorter than the durations �ori or �ali for orientation or alignment,
then they can be fired with time delays �t D tp and 2tp for (third) dump and
(fourth) pump laser pulses, respectively, during the same periods �ori or �ali; else
one has to wait at least for the next rotational revivals, which will provide again the
scenario of pre-oriented or -aligned systems (if required). In the subsequent quan-
tum simulations, we shall present the results using the time delays �t D tp and
2tp for (third) dump and (fourth) pump laser pulses, respectively, with the under-
standing that larger time delays will be applied, if necessary, in order to satisfy the
requirements of suitable pre-orientations or -alignments. By reversibility of time
and helicity, the effect of the (third) dump pulse (with re-optimized phase) is simply
to switch-off the pre-excited ring current and induced magnetic field. Subsequently,
the (fourth) pump pulse will switch it on again, but with opposite directionality, due
to the reversed helicity of the dump and pump pulses. Obviously, the net effect of
the (third) dump and (fourth) pump pulses is to change the directionality of the ring
currents and induced magnetic fields. Applications of the concept to the model sys-
tems HeC and FHF� are demonstrated in Figs. 2.8 and 2.9, respectively, see also the
figure legends.

The primary effects of the left circularly polarized re-optimized � pulse (sec-
ond pulse) is the population transfer from the ground state to the left polarized state
j2p�i or j1�1i of HeC or FHF�, respectively. Subsequently, the left and right circu-
larly polarized dump and pump pulses (third and fourth pulses) transfer populations
predominantly from the excited state back to the ground state, and then to the excited
state with opposite magnetic or pseudorotational quantum numbers, i.e., j2pCi or
j11i of HeC or FHF�, respectively. The corresponding switches of the ring currents
are obvious form the time evolutions of the mean values of the angular momentum
or bending quantum numbers hl.t/i or hvb.t/i, and from the magnetic or pseudoro-
tational quantum numbers hm.t/i or hl.t/i, respectively. Finally, the switch-on and
subsequent switch-off the directions of the magnetic fields BZ;He.t/ and BZ;F.t/ at
the nuclei of the HeC ion and at centers of F nuclear ring currents follow closely the
time evolutions of the ring currents as monitored by the mean values of the quan-
tum numbers �hm.t/i (due to negative electron charge) and hl.t/i, respectively.
The equivalent net effect has been achieved by E.K.U. Gross and coworkers using
optimal laser pulses, with application to quantum switches of ring current in a nano-
ring model [20]. For an alternative approach to magnetic field switching in parallel
quantum dots, see [86].

2.4 Conclusions

The progresses which are documented in Sects. 2.2 and 2.3 are stimulating. First,
they provide useful criteria for systematic searches for systems which should allow
to switch-on or -off, or to switch the directions of magnetic fields induced by ring
currents, by means of well designed left or right circularly polarized re-optimized �

laser pulses. One important condition is that the chosen system should have proper
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hm.t/i (gray dashed) as well as Z-component of the induced magnetic field BZ;He.t / at the nucleus
˛ of HeC (black solid)

symmetry supporting degenerate states. In this respect, triply or more degenerate
vibrational states, e.g., T -states of tetrahedral molecules, should be more advanta-
geous than doubly degenerate states, e.g., E-states of planar molecules with Cnv

rotational axes (n � 3) because in first order (harmonic) approximation, it is not
necessary to pre-orient or pre-align the system in order to generate nuclear ring
currents. Second, according to the Biot–Savart law (2.35), one should look for a
system with strong ring current I , i.e., with large charge q, with short period �I
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(2.32), and with small radius of the ring current R�1 (2.34). The criteria for large
charges and small radii point to pseudorotating heavy nuclei, and the criterion for
short periods �I suggests corresponding high vibrational frequencies of the triply
degenerate vibrational modes. Putting all criteria together, the tetrahedral molecule
UH4, for example, should be an ideal candidate because it possesses triply degener-
ate vibrational T2 states (antisymmetric modes) with high vibrational (experimental)
frequency, !a=.2�c/ D 1484 cm�1 [87, 88] corresponding to �I D 22:5 fs, and
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the nucleus of the U atom carries a very high charge as well as very heavy mass
such that it will carry out pseudorotations with very small radius. By approximate
extrapolation of the present result for CdH2 (BZ;Cd D 318 T) at the center of the
Cd nuclear ring current, the corresponding induced magnetic fields in UH4 may
approach 1,000 T! One may ask whether such huge fields could have feedbacks on
the geometric or electronic structures of the molecule; we anticipate that this will
not be the case because the very strong induced magnetic fields are typically local-
ized in very small areas inside the mean ring current radii, without any major effect
on the rest of the molecule.

Another challenge is to monitor the predicted laser driven quantum switches
of ring currents and induced magnetic fields experimentally. The recent three-
dimensional imaging of the corresponding toroidal structures of atoms carrying ring
currents, carried out by the group of T. Baumert [29], is indeed encouraging for this
purpose. In addition, one may consider and possibly extend the techniques which
have already been applied successfully to analogous but much weaker effects which
are induced by external magnetic fields [44–48]. Effects of magnetic fields induced
by ring currents on nuclear magnetic resonance (NMR) spectra, such as chemical
shifts, have already been predicted by L. Pauling [89], e.g., for aromatic molecules,
and confirmed experimentally [90,91]. Extensions to the present quantum switching
of these effects by means of laser pulses will be quite demanding because traditional
NMR techniques would call for sufficiently long switching durations and life times
of the ring currents, as well as sufficiently high densities of the samples (S. Glaser,
private communication, 2009). As an alternative, we suggest to apply the option of
ultrafast switch-on and -off, or switching the directionality of the rather huge mag-
netic fields, in particular within the rather small ring current radii of pseudorotating
nuclei, to control the deflection of neutrons. This possibility is supported by recent
work by Läuchli et al. [92], with references in particular to the extension from neu-
tron scattering of orbital currents with translational symmetry [93, 94] to broken
[95] symmetry, see also, on one hand, the recent neutron experiments [96] indi-
cating the presence of magnetic moments, compatible with the translation-invariant
pattern of currents predicted by Varma [94], and on the other hand to Kerr effect
measurements [97] showing evidence of time-reversal symmetry breaking (quoted
from [92]). It would open entirely new possibilities for ultrafast analysis and control
of chemical processes, by means of well-defined, pulsed interactions of molecules
with neutrons. For example, the present approach would allow to design a series of
circularly polarized re-optimized � laser pulses which switch on and off the ring
currents and induced magnetic fields during very short periods, from attoseocnds
to picoseconds (depending on the model system). As a consequence, the induced
magnetic fields could deflect a neutron beam such that it sweeps over a sample
during these short periods. The deflected neutrons could then transfer momentum
directly to the nuclei of the molecules in the sample, thus starting selected coherent
vibrations or reactions, e.g., in the electronic ground state, see e.g., [98, 99], during
well-defined periods which are controlled by laser pulses.
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44. J. Jusélius, D. Sundholm, J. Org. Chem. 65, 5233 (2000)
45. E. Steiner, A. Soncini, P.W. Fowler, Org. Biomol. Chem. 3, 4053 (2005)
46. P. Lazzeretti, Prog. Nucl. Magn. Res. Spec. 36, 1 (2000)
47. J.A.N.F. Gomes, R.B. Mallion, Chem. Rev. 101, 1349 (2001)
48. T. Heine, C. Corminboeuf, G. Seifert, Chem. Rev. 105, 3889 (2005)
49. F. Pobell, A.D. Bianchi, T. Herrmannsdörfer, H. Krug, S. Zherlitsyn, S. Zvyagin, J. Wosnitza,

AIP Conf. Proc. 850, 1649 (2006)



2 Quantum Switching of Magnetic Fields 43

50. W. Becken, P. Schmelcher, F.K. Diakonos, J. Phys. B 32, 1557 (1999)
51. M.V. Ivanov, P. Schmelcher, Phys. Rev. A 60, 3558 (1999)
52. P. Schmelcher, T. Detmer, L.S. Cederbaum, Phys. Rev. A 61, 043411 (2000)
53. S.A. Rice, M. Zhao, Optical Control of Molecular Dynamics (Wiley, New York, 2000)
54. M. Shapiro, P. Brumer, Principles of the Quantum Control of Molecular Processes (Wiley,

Hoboken, 2003)
55. I. Thanopulos, P. Král, M. Shapiro, E. Paspalakis, J. Mod. Opt. 56, 686 (2009)
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Chapter 3
Alignment and Orientation of Hexapole
State-Selected Molecules

Arnaud Rouzée, Arjan Gijsbertsen, and Marc J.J. Vrakking

Abstract The ability to control the orientation of small polar molecules is an
important step toward experiments such as X-ray diffraction and high-harmonic
generation, where structural information or ultrafast molecular dynamics can be
reconstructed in the molecular frame. We present experiments where we have com-
bined hexapole state-selection and the application of a strong DC electric field with
the use of short, intense shaped laser pulses in order to demonstrate and optimize
impulsive alignment and orientation of NO molecules under field-free conditions.
Good agreement of the experimental results with theoretical predictions is found.
In addition, impulsive alignment and orientation was investigated theoretically for a
set of molecules that can be used state-selected by means of hexapole focusing.

3.1 Introduction

Much of our knowledge about molecular structure and reactivity is based on inter-
preting how molecules interact with light. Consequently, the invention of lasers
in the infrared, visible, and ultra-violet parts of the wavelength spectrum has
had an enormous impact on our understanding of chemical and physical pro-
cesses. Using lasers, ultra-high resolution, frequency-domain experiments and time-
resolved pump-probe studies have become possible. In the latter type of experiment,
a first “pump” laser pulse initiates a dynamical event, and a second “probe” laser
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pulse interrogates the system after it has evolved for some time. State-of-the-art
lasers can produce pulses down to a few femtoseconds, with special techniques even
allowing for the generation of sub-femtosecond or “attosecond” pulses [1,2]. These
short pulse durations are important, since chemical processes typically occur on
time-scales of 10–1,000 fs.

In femtochemistry experiments, information about an evolving molecular struc-
ture is usually inferred by relying on available knowledge about the way that
molecular absorption spectra depend on the instantaneous molecular structure. In
small molecules, this is possible, but it soon becomes problematic when the size
of a molecule increases. In larger molecules, it becomes more attractive to rely
on diffraction [3]. Structural information is then encoded in interference patterns
that result from the way that an electron or light wave scatters. In the case of
light diffraction, the required wavelength is in the X-ray regime. Indeed, one of the
most exciting scientific prospects at X-ray free electron lasers such as the FLASH
and XFEL sources in Hamburg [4], or the LCLS at Stanford that became recently
operational [5], is that it will enable X-ray diffraction experiments with femtosec-
ond time-resolution. Diffractive information can also be obtained making use of
diffraction that electrons undergo in X-ray photo-ionization, thereby “illuminating
the molecule from within” [6].

When time-resolved molecular structures are studied by means of X-ray of elec-
tron diffraction, it is crucial that the direction of the scattered X-ray photons or
electrons can be related to the spatial orientation of the molecule under consid-
eration. In the last 2 decades, sophisticated coincidence techniques, in particular
measurements of electron-ion coincidences, have yielded tremendous insight into
atomic and molecular ionization and dissociation processes [7]. Nevertheless, there
are many instances where the application of coincidence techniques may be too
challenging. With this in mind, we have started working toward the development
of an alternative method that establishes the angular correlation between scat-
tered electrons or X-ray photons and the molecular structure. These methods are
based on the application of samples of laser-aligned and oriented molecules, where
every measurement that is performed in the laboratory frame automatically con-
tains information about dynamics that occurs in the molecular frame [8]. Unlike
the coincidence schemes, use of laser-aligned and oriented molecules allows for
the collection of much larger signals (several thousand events/shot, as opposed to
one or a few) and does not require fragmentation of the molecule in the course
of the experiment. In addition, many applications are being developed by teams
around the world where field-free laser-induced alignment is already being put to
use, including experiments where high harmonic generation [9] or electron tunnel-
ing and diffraction [10] are used to determine the nuclear [11,12] and electronic [13]
structure of molecules. Recently, molecular alignment was also used to investigate
the fast photodissociation of CS2 molecules [14].

In the present chapter, we present an overview of our recent activities in this area.
As departure point, we take the common knowledge, developed by many research
groups within the last decade, that intense laser fields can be used to align molecules
[15,16]. Using intense non-resonant lasers, molecules can be exposed to oscillatory
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electric fields of approximately 50 MV cm�1 without substantial ionization or frag-
mentation. Fields of this magnitude induce substantial dipoles, which in turn leads
to a torque on the molecule that pulls the most polarizable axis of the molecule
along the laser polarization axis [17]. Laser-induced alignment can be performed
both adiabatically (using laser pulses with a duration that is long compared to the
rotational period of the molecule) [18–20] or impulsively, using a short laser pulse
that imparts a kick on a timescale that is short compared to the rotational period
[21, 22]. An advantage of the latter technique is that it allows the preparation of
samples of molecules where high degrees of molecular alignment occur at times
when there is no laser present.

Alignment is typically characterized by the expectation value hcos2 �i, and is
to be distinguished from orientation, which relates to the definition of a preferred
direction of the most polarizable axis in non-symmetric molecules. Orientation of
molecules is characterized by the expectation value hcos �i. Unlike molecular align-
ment, the progress that has been achieved on laser field-free orientation has been
modest. This is mainly due to the fact that a symmetric oscillating electric field
cannot drive molecular orientation. Currently, many schemes have been proposed
to achieve laser-field-free orientation including two-color phase-locked laser excita-
tion [23,24], THz half-cycle pulses (HCPs) [25,26] or a combination of electrostatic
and pulsed non-resonant laser fields [27]. So far, only the last method has experi-
mentally been demonstrated on OCS [28,29] and on HXeI molecules [30,31]. These
experiments have generally been affected by the fact that the degree of orientation
that can be achieved is limited by the sample temperature. In this chapter, we discuss
our recent progress in the preparation of samples of oriented molecules. Specifically,
we discuss experiments where NO molecules are impulsively oriented, making use
of the combination of (1) hexapole state-selection, (2) the application of a strong
DC field, (3) the application of impulsive laser excitation, and (4) the application
of laser pulse shaping to maximize the degree of orientation. We experimentally
demonstrate the formation of NO samples with hcos �i D �0:74 [32], and argue
that improvement of the orientation to jhcos �ij > 0.95 should be readily feasi-
ble [33], thereby creating conditions where – as desired – every measurement of
scattered electrons or photons that is made in the laboratory frame has immediate
implications in the molecular frame.

The organization of the chapter is as follows. After discussing relevant spectro-
scopic properties of the molecules that will be considered in Sect. 3.2, two elements
that will be exploited in order to orient the molecules are discussed, namely the inter-
action of the molecules with a DC field (both in the hexapole state selection and in
the establishment of an initial DC orientation, in Sect. 3.3) and the interaction with
the intense laser field in Sect. 3.4, paving the way to a comparison of our expected
ability to orient different molecules (see Sect. 3.5). The experimental setup that was
used in our studies on NO is described in Sect. 3.6, and is followed by the descrip-
tion of an experiment where the sign of the dipole moment of NO was verified in
Sect. 3.7, as well as a detailed discussion of the creation of macroscopic samples
of strongly-oriented NO molecules by a combination of the techniques described
before (Sect. 3.8). Closing remarks are given in Sect. 3.9.



48 A. Rouzée et al.

3.2 Molecules

Our recent experiments and simulations with hexapole state selected molecules
in intense laser fields have all been performed on nitric oxide (NO). However,
hexapole state selection can in principle be applied to the rather large group of polar
(pseudo-) symmetric top molecules in j�; J; K; M i low-field seeking vibronic states
with KM < 0. Here, � is the vibrational quantum number, J is the rotational quan-
tum number, K is the projection of J on the molecular symmetry axis and M is
the projection of J on a laboratory-fixed axis (usually the electric field vector).
This group includes linear molecules excited in a bending vibration and molecules
with nonzero electronic angular momentum such as NO. In the first case, the vibra-
tional angular momentum has a non-zero projection l on the molecular axis, while
in the latter case the projection of the angular momentum of the unpaired electron
on the molecular axis ˝ is non-zero. As K includes l and ˝ and is more gen-
eral, we will use quantum number K throughout this work, except when discussing
specific molecules. In principle, it is also possible to focus low-field seeking linear
molecules such as OCS(v D 0jJM D 10) [34] via their second-order Stark effect,
but a quadrupole is better suited for that purpose. A hexapole is an ideal focuser
for the first-order Stark effect while a quadrupole is ideal for the second-order Stark
effect.

The NO molecule has an unpaired anti-bonding electron, consequently it is an
open shell molecule which leads to half-integer total angular momentum quantum
numbers. The projection of the electronic spin angular momentum S onto the inter-
nuclear axis (z) is ˙ D ˙ 1

2
. In its electronic ground state, the projection of the

electronic orbital angular momentum L is � D ˙1. This leads to a 2… elec-
tronic state classification [35–37]. The total angular momentum J, with magnitudep

J.J C 1/„, is given as the sum of L, S, and O, the angular momentum associated
with the rotation of the molecular framework.

For low rotational states, NO can be described in a Hund’s case (a) [35] cou-
pling scheme, where the orbital angular momentum L is strongly coupled to the
internuclear axis. The rotation of the nuclear framework O then points perpendicu-
lar to the nuclear axis. This leaves for the projection of J onto the internuclear axis
˝ D ˙ C �, giving rise to two spin-orbit states: ˝ D 1

2
and ˝ D 3

2
, ˝ being the

absolute value of the projection ˝ . Neglecting �-type doubling, the Hamiltonian
consists of two components: one due to nuclear rotation O D J � S� L and one due
to spin orbit coupling L � S [36]

H0 D Hrot C HSO D B0.J � S � L/2 C A0.L � S/: (3.1)

The spin-orbit constant A0 and the rotational constant B0 necessary to calculate the
rotational energy of a NO molecule in the ground vibrational level, X2… state are
A0 D 123:13 cm�1 and B0 D 1:6961 cm�1 [38]. The rotational part of the wave
function of an NO molecule is given by:
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jJ; ˝; M; �i D 1p
2

h
jJ; ˝; M i C �jJ; �˝; M i

i
: (3.2)

Here, � D ˙1 is a symmetry index that relates to the total parity p of an NO
rotational state via:

p D .�1/J ��=2: (3.3)

Equation (3.2) is strictly speaking only correct for J D 1
2

. For higher rotational
states intermediate Hund’s case coupling schemes may be applied. However, this
effect remains rather small for NO in rotational states up to J D 16:5 [39] and we
will assume Hund’s case (a) for NO in the remainder of this work.

The rotational energy of a diatomic molecule in a � D 0, 2… state follows from
(3.1) and (3.2). It is given by [36]:

Erot D .J � 1

2
/.J C 3

2
/ ˙ 1

2

r

4.J C 1

2
/2 C Y.Y � 4/ � .Y � 2/ � 1

2B
�W�.J /

(3.4)

with Y D A
B

. The ˙ in (3.4) distinguishes between the upper F2 (dominated by
˝ D 3

2
if A0 > 0) and the lower F1 (dominated by ˝ D 1

2
if A0 > 0) spin-orbit

state. For NO, the two spin-orbit states – often indicated by 2… 1
2

and 2… 3
2

– differ

about 121 cm�1 in energy, the latter having the highest energy. The �-type splitting
for the 2… 1

2
states that are well approximated by case (a) coupling varies linearly

with J [36]. It is expressed as [40]:

W� D q�

�
J C 1

2

�
: (3.5)

Burrus and Gordy [40] obtained q� D 0:0118 cm�1 for the energy splitting of the
J D 1

2
�-doublet. The �-splitting for the 2… 3

2
component is much smaller in its

lowest J D 3=2 state (4 � 10�5 cm�1) [41] but increases with the third power
of J [36].

A similar expression for the energy can be obtained for molecules with l-doublet
splitting, like OCS or N2O excited in a bending vibration. The splitting between the
l-doublet energy levels in the case of l D 1 is:

Wl D 1

2
ql.v2 C 1/.J.J C 1//; (3.6)

with ql the l doubling constant. For OCS in the (v1vl
2v3/ D .0110) state and at

low values of J, the l-doubling constant is ql D 6:3614 MHz [42] whereas for NO2,
ql D 23:7437 MHz [43].
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Fig. 3.1 Schematic representation of a hexapole state selector. A positive voltage (CV0) is applied
on three of the rods, while a negative voltage (�V0) is applied to the other rods. Molecules that
reside in the upper (low-field seeking) component of the �-doublet are pushed toward the center of
the hexapole while those in the lower (high-field seeking) component are pulled toward the rods.
The hexapole that was used in this work is designed to the “Dutch convention”: the rod diameter
equals the hexapole inner radius R0 [45]

3.3 Hexapole State Selection

The technique of focussing polar molecules in static electric fields was developed in
the 1950s [44] and has been used in this study to avoid the inherent problem of ther-
mal averaging in alignment/orientation experiments, where the averaging over the
initially populated states has a drastic effect on the maximum degree of orientation
that can be achieved. As hexapole state selection has not been used previously in the
field of intense-laser physics, we will give a rather extensive introduction here. A
hexapole consists of six parallel rods where three are in negative voltage while three
others are in positive voltage (see Fig. 3.1) and creates an inhomogeneous field that
works as a positive lens for low-field seeking molecules. The focal length of the lens
is determined by the molecules’ dipole moment and rotational state. Hexapole state
selection exploits the first-order Stark effect that arises as a shift of the energy levels
of an atom or a molecule in an electric field E. By defining the Z-axis along E, the
Hamiltonian in an electrostatic (hexapole) field is given by:

H D H0 � �el E cos �; (3.7)

where �el is the electric dipole moment vector of the molecule and � is the polar
angle between the dipole and the electric field. The first-order Stark correction to the
energy induced by the field depends of the sign of hcos �i. Molecules are labeled as
low-field seeking or high-field seeking, depending on whether their potential energy
increases or decreases for increasing field strengths. For molecules that have l or
�-doublet splitting, the electric field mixes the jJ; K; M; �0 D �1i and jJ; K; M;

�0D1i components of the l or �-doublet and the wave function in an electric field
can be expressed as

jJ; K; M; �; Ei D ˛.E/jJ; K; M�0 D �1i C �ˇ.E/jJ; K; M�0 D 1i; (3.8)
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Fig. 3.2 Hexapole focusing curves for NO, the hexapole considered in this figure is the one that
is used in the experiment described in the experimental section. The rod diameter and inner radius
of the hexapole both equal 4 mm, the length of the hexapole is 1 m

with ˛.E/2 Cˇ.E/2 D 1. Note that K is the projection of the total angular momen-
tum (J ) on the molecular axis and thus contains either l or ˝ . For relatively strong
fields, where the Stark splitting is much bigger than the l or �-doublet splitting, the
first-order correction to the energy W

.1/
� is linear and reads:

W .1/
� D ���el E

MK

J.J C 1/
; where: hcos �i D �

MK

J.J C 1/
: (3.9)

Molecules in an “� D �1” state are low-field seeking. For molecules in states that
carry a first-order Stark effect and are exposed to relatively weak electric fields
(�el E � B), higher order energy terms can be neglected [34, 46].

Here, we provide some basic equations for hexapole focusing. A schematic repre-
sentation of hexapole focusing is provided in Fig. 3.2. The potential of the hexapole
field is [44]:

V D V0

� R

R0

�3

cos 3�; (3.10)

where R0 is the inner radius of the hexapole, and R and � are cylindrical coor-
dinates. An ideal hexapole field is given by E D 3V0R2=R3

0 . Molecules in the
hexapole feel a force F D �dW=dR, which for the first-order Stark effect becomes:

Fhex D �dW .1/

dR
D �el 6V0R

R3
0

�MK

J.J C 1/
(3.11)

In order to evaluate the focusing properties of the hexapole, the distance from the
pulsed nozzle to the entrance of the hexapole is assumed to be L1, the length of the
hexapole by L2, and the distance from the exit of the hexapole to the focal point
is given by L3. A very convenient equation that gives the focusing distance of a
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hexapole is provided by Stolte et al. [47]:

L3 D L1 C 1
�

tan �L2

�L1 tan �L2 � 1
; (3.12)

with

� D
s

3Vhex�el

mM R0
3v2

z

��MK

J.J C 1/

In these equations, Vhex is the voltage difference between the rods: Vhex D 2V0. The
standard focusing equation for a hexapole [46]:

V0 D .n	/2R3
0

6L2
2

mM v2
z

�el

J.J C 1/

�MK
(3.13)

is a convenient approximation for the hexapole voltage, but neglects the effect of
the straight path before entering and after exciting the hexapole. It should only be
used if the hexapole (nearly) covers the whole path of the molecules. It should be
noted that these equations slightly underestimate the hexapole voltage needed for
the focusing of NO or OCS, if the l and � splitting cannot be neglected. This leads
to a nonlinear dependence of W .1/ on the electric field near the hexapole axis. For
a more rigorous treatment, we refer to the work of Anderson [45], who provides
a treatment to calculate the tracks that symmetric top molecules follow within a
hexapole and calculates the Stark energy up to a high order.

One of the advantages of hexapole state selection is that the achievable gas den-
sity is relatively high, if a substantial amount of the focused state is present in the
beam that enters the hexapole. The hexapole works as a lens, which means that one
essentially makes an image of the nozzle. In the case of NO cooled in a jet, essen-
tially all molecules in the beam are in the lowest rotational state and half of the
molecules that enter the hexapole (the low-field seekers) are focussed into the inter-
action volume. One can estimate the density of the NO sample after hexapole state
selection in our lab. Our hexapole has an inner radius of 4 mm and starts 300 mm
from the pulsed nozzle. Its acceptance angle is approximately 0:57ı. In case of a
mixture of 10% NO in Argon, one may assume a pure argon beam with 
 D 5=3

and “peaking factor” � D 2. Assuming a temperature of 300 K, a 1 mm nozzle diam-
eter and a stagnation pressure of 1 bar, leads to an estimated intensity of 6:6 � 1021

Argon atoms per steradian per second. Five percent of this is actually NO in the
low-field seeking component of the �-doublet. We feed 2:6 � 1016 NO molecules
per second into our hexapole. The hexapole therefore makes an image of the nozzle
in its focus; the diameter of the nozzle was 1 mm. In combination with the velocity
of the molecular beam (550 m s�1, but neglecting the velocity spread), this leads to
a density of 6:5 � 1019 NO molecules per m3. We already demonstrated that this is
enough for experiments with XUV beams from HHG [48]. In addition, these num-
bers suggest that, with moderate changes in the design and experimental conditions,
it may be feasible to detect harmonics created in hexapole state-selected samples.
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3.4 Interactions with an Intense Laser Field

After the hexapole, the state-selected molecules are oriented in a moderate electro-
static field (see (3.9)). Stronger impulsive orientation is obtained by application of a
short intense laser pulse, polarized along the DC electric field axis to the molecules.
The laser pulse is shorter than the rotational period of the molecule and creates a
rotational wave-packet. The degree of orientation and alignment evolve after the
laser pulse has ended. In this section, we provide a theoretical treatment of the inter-
action of a state selected molecular sample with the combination of a DC electric
field and a short laser pulse.

Ignoring the centrifugal distortion, the interaction potential between a molecule
and a non-resonant linearly polarized laser field can be written as [17, 27, 49]:

Veff D �! cos � � �! cos2 � C !?

D �!P1.cos �/ � 2

3
�!P2.cos �/ C 1

3
�! C !?: (3.14)

In this expression, the Pn.cos �/ are Legendre moments and the dimensionless
electrostatic (!) and laser field (�!) are given as:

! D �E

B
(3.15)

!jj;? D ˛jj;?Il

2B
(3.16)

and �! D !jj � !? D �˛Il

2B
: (3.17)

Here, ˛jj and ˛? are the polarizability of the molecule parallel and perpendicular
to the internuclear axis and � is the angle between the permanent dipole moment �

and both the electrostatic and the laser field similar to its earlier use in the context
of the hexapole focusing field. The last part of the effective potential ( 1

3
�! C !?)

is independent of � and J and has no effect on the rotational dynamics. It will thus
be omitted from here on.

In a Raman process, parity is conserved, which often (though not always) means
that only �J D 2 transitions are observed. However, an oriented wave function
has no parity, it is a mix of even and odd parity functions. In the case of NO, the
selection rules for excitation with a non-resonant laser pulse are �J D 0; ˙1; ˙2,
while the two quantum numbers N̋ and M are conserved during the process. For
molecules selected in a single jJ; K; M i state, the final Hamiltonian is described by
(note M D M 0 and K D K 0)

H
K;M
J;J 0 D hJ 0; K; M jH0 � !P1.cos �/ � 2

3
�!P2.cos �/jJ; K; M i

D ıJ;J 0Erot � !Q1.J 0; J; K; M / C 2

3
�!Q2.J 0; J; K; M / (3.18)
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with (n D 1; 2):

Qn.J 0; J; K; M / D
p

.2J C 1/.2J 0 C 1/.�1/M�K

�
J n J 0

�M 0 M

��
J n J 0

�M 0 M

�
:

(3.19)
In the case of l or �-doubling, we use (again using M D M 0 and K D K 0):

H
K;M
J;J 0;�;�0 D hJ 0; K; M; �0jH0 � !P1.cos �/ � 2

3
�!P2.cos �/jJ; K; M; �i

D ıJ;J 0ı�;�0E0 � !Q1.J 0; J; M; K; �0; �/

C2

3
�!Q2.J 0; J; M; K; �0; �/ (3.20)

with for n D 1; 2:

Qn.J 0; J; K; M; �0; �/ D 1

2

p
.2J C 1/.2J 0 C 1/

 
J 0 n J

M 0 �M

!

(3.21)

�
"

.�1/M�K

 
J 0 n J

K 0 �K

!

C .�1/MCK ��0
 

J 0 n J

�K 0 K

!#

:

Equation (3.20) is general and can also be used for molecules that have no � or l

splitting, as setting E0 D BJ.J C 1/ leads to perfect mixing of the �0 levels.
The wave function during and after interaction with the laser pulse is written as

a sum of free rotor wave functions:

j�.t/i D
X

J;�

C
M;K
J;� .t/jJ; N̋ ; M; �i: (3.22)

Diagonalization of the total Hamiltonian – with the terms related to the action of
the laser �! set to zero – provides the mixing of the two doublet states, before
interaction with the laser. All our experiments on NO were done at 13 kV cm�1.
At this field strength (! D 0:021), the mixing coefficients are ˛ D C

1=2;1=2

1=2;�1
.t0/ D

0:85 and ˇ D C
1=2;1=2

1=2;1
.t0/ D 0:52 and the degree of orientation is hcos �i D �0:30,

close to the optimum of hcos �i D �1=3 for perfect mixing.
The rotational dynamics of the molecule during the laser pulse is evaluated by

solving the time-dependent Schrödinger equation numerically. The initial oriented
wave-function – obtained by diagonalization – is propagated using

i„d j�.t/i
dt

D .H0 C Veff/j�.t/i: (3.23)

After the laser pulse is over at time tf , the rotational wave packet evolves freely and
it can at every time (t > tf ) be calculated via:
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j�.t/i D
X

J;�

C
M;K
J;� .tf /eiErot.t�tf /=„jJ; K; M; �i: (3.24)

The symmetry index � may be omitted for molecules selected in a single jJKM i
state.

Orientation and alignment are often expressed as hcos �i and hcos2 �i that relate
to the first and second order Legendre moments as:

cos � D P1.cos �/ and cos2 � D 2

3
P2.cos �/ C 1

3
: (3.25)

Hence, the degree of orientation (n D 1) and alignment (n D 2) at any time after
the laser pulse can be obtained from:

hPn.cos �/i D h�.t/jPn.cos �/j�.t/i
D
X

J 0�0

C MK �
J 0;�0 C M K

J;� e�i.Erot.J
0/�Erot.J // .t�tf /=„

�Qn.J 0; J; M; K; �0; �/: (3.26)

In the next section, we will apply the theory described above on a few suitable
molecules.

3.5 Numerical Example in Several Polar Molecules

In this section, we provide and discuss selected theoretical results concerning
the laser field-free orientation of state-selected molecules. An incomplete list of
molecules for hexapole state selection and orientation and their properties is pro-
vided in Table 3.1. For the methyl-halides, essentially perfect state selection is
possible in the jJ; K; M i D j1; ˙1; �1i, j2; ˙1; �2i and j2; ˙2; �2i states [50].

In Figs. 3.3 and 3.4, the time-dependent degree of orientation and alignment is
plotted for CH3I after interaction with a 100 fs, Fourier-transform limited (FTL),
�! D 1;920 (8 � 1012 W cm�2) laser pulse and considering three different initially
selected states: jJ; K; M i D j1; ˙1; �1i, j2; ˙1; �2i, and j2; ˙2; �2i. Note that

Table 3.1 Some examples of suitable molecules for hexapole impulsive orientation. Parameters
were taken from [27, 38, 40, 42, 43, 51]

Molecule � [D] B [cm�1] �˛ [Å] l or � doubling [MHz]

CH3Cl 1:869 0:440 3:6 0
CH3I 1:647 0:250 6:0 0
OCS 0:709 0:204 4:1 6.36
N2O 0:166 0:419 2:8 23.74
NO 0:16 1:703 0:84 353.7
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a b

dc

Fig. 3.3 Orientation of CH3I selected into different states after illumination with an 100 fs laser
pulse with intensity �˝ D 1;920 (8 � 1012 W cm�2): (a) when starting from the j1; �1; 1i state,
(b) from the j2; �1; 2i state, and (c) when starting from the j2; �2; 2i state. To get some insight in
how the induced impulsive orientation of NO starting from j1=2; �1=2; 1=2i is shown as well (d).
All other parameters are the same

the time axis in these figures is dimensionless and given in units of t=Bc, which
in the case of CH3I corresponds to 133 ps. A calculation for a molecule with half-
integer angular momentum (NO) is also shown. In this case, we use a laser pulse that
has the same duration in dimensionless time (T=Bc), but a much shorter duration
in fs (15 fs) and we neglected �-doubling.

As we do our calculations using a dimensionless electrostatic and laser field,
these calculations (as plotted in Figs. 3.3 and 3.4) are in principle also valid for the
other molecules in Table 3.1 with appropriate molecule-dependent changes in the
pulse duration and laser intensity.

Strong revivals of alignment and orientation are observed in Figs. 3.3 and 3.4
where the degree of orientation and alignment alternate in time. Moreover, in the
case of CH3I, one can see a strong dependence on the initial state.

In a recent paper [33], we showed that re-phasing of the wave function for
states with half-integer angular momentum occurs at multiples of 1=Bc. For states
with integer angular momentum quantum numbers, this occurs at 1=2Bc. This can
be recognized when comparing the bottom right panel of Fig. 3.3 to the rest. In
this figure, the time-dependent orientation repeats itself when time is advance by
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a b

dc

Fig. 3.4 Same as previous figure but concerning the induced laser field-free molecular alignment

1 dimensionless unit of time, while in the other figures this occurs for �t D 1=2.
The reason for this is that �J D J 0 � J D 1 transitions dominate in the ori-
entation, having energy differences of J 0.J 0 C 1/ � J.J C 1/ D 2J C 2. For
J D 1=2; 3=2; 5=2; : : : ; this becomes 3; 5; 7; : : : ; leading to the re-phasing period
of �t� D 1. For J D 1; 2; 3; : : : ; the energy is 4; 6; 8; : : : (i.e., multiples of 2)
leading to a re-phasing period of 1=2. Furthermore, we observe in Fig. 3.3 that
the optimal degree of orientation for radicals in an j1=2; ˙1=2; �1=2i and for
molecules in an j2; ˙1; �2i state after interaction with a short intense laser pulse
occurs at t D 1=4; 3=4; 5=4; : : : ; while for molecules in an j1; ˙1; �1i and a
j2; ˙2; �2i state this is at t D 1=2; 1; 3=2; : : : : In all cases, the optimal degree
of orientation is enhanced compared to that obtained in the electrostatic field (at t0)
alone.

For the alignment in Fig. 3.4, we observe a different behavior. For all molecules
in integer angular momentum states, the time dependent alignment repeats itself
every t D 1=2 , similar as for the orientation. In states with half-integer angular
momentum, it, however, repeats itself every t D 1=4. In alignment of NO, both
�J D 1 and �J D 2 transitions contribute, but �J D 2 transitions dominate
for high values of J and thus at high intensity. In this case, the energy differences
are J 0.J 0 C 1/ � J.J C 1/ D 4J C 6. For J D 1=2; 3=2; 5=2; : : : this becomes
8; 12; 16; : : :; i.e., all multiples of 4. For J D 1; 2; 3; : : : this becomes 10; 14; 18; : : :
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–
–
–
–

Fig. 3.5 Orientation of NO after illumination with a 100 fs laser pulse with �˝ D 150

(3 � 1013 W cm�2) at two different electric field strengths, and the theoretical maximum for
ideal mixing. In the latter case, the oriented wave before the laser can be described as a single
jJKM i D j1=2 ˙ 1=2 � 1=2i state

(i.e., all multiples of 2, but not of 4). The slight differences between the revivals at
t D 1=4; 1=2 and 3=4 are caused by �J D 1 transitions.

For both OCS and N2O, the combination of l doubling and their dipole moments
essentially completes the mixing of the two components at very moderate elec-
tric field strengths (<1 kV cm�1) and the results for the methyl-halides can also
be used for OCS and N2O. For NO, this is less so: �-splitting cannot be neglected
for field strengths that are easily achievable experimentally. We will focus on the
jJ D 1=2; ˝ D 1=2; M D 1=2; � D �1i state for NO, that is easily focused using
a hexapole.

The effect of �-doubling on the degree of orientation in our experiments at
13 kV cm�1 is, however, rather small. This is illustrated in Fig. 3.5, where the
time-dependent orientation of NO is plotted for different electrostatic fields. The
calculations are performed for 100 fs laser pulses at the experimentally easily
achievable peak intensity of Il D 3 � 1013 W cm�2. The electrostatic field does not
influence the alignment, but does influence the degree of orientation as it produces
a (coherent) superposition of two states with opposite parity. If mixing becomes
worse, the maximum degree of orientation decreases as is clearly illustrated in
Fig. 3.5.

In a Raman process, parity is conserved. The laser only introduces higher
rotational states (with higher frequency components) into the wave-function. The
coherent sum can – depending on phase and amplitude of these components – give
essentially any symmetric (aligned) orientation distribution when starting from a
state with a certain parity. When starting from a coherent superposition of even and
odd states, as happens in our experiments, one has access to the full basis of rota-
tional states. If one has full control over the laser pulse, one has full control over the

phase and amplitude of the expansion coefficients (C M;K
J;� .tf /) in (3.26) and thus

over the orientation distribution of the sample. In a recent paper [33], we showed
that essentially perfect orientation hcos �i D 0:962 is experimentally achievable for
NO, when using a pulse shaper to control the laser pulses. In the remainder of this
chapter, we discuss experiments on the optimization of orientation.
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3.6 Experimental Setup

Many experiments aiming to probe laser induced alignment and/or the orientation of
a molecular sample have been carried out during the last 20 years. A very common
technique consists of using a velocity map imaging spectrometer [52]. After the
interaction with an intense laser field, the induced molecular alignment is probed
using a second, short laser pulse that is intense enough to dissociatively ionize the
molecules. Using a pair of electrodes that are commonly called the repeller and
the extractor, the momentum of the different charged fragments is projected onto a
detector consisting of a set of MCP’s (micro channel plates) followed by a phosphor
screen. If an ion hits the detector, its position can directly be related to the velocity
of the molecule or fragment before ionization. A camera placed after the phos-
phor screen allows one to obtain an image of the 2D velocity distribution of the
detected molecule. In the recoil approximation, i.e., if the molecule is fixed during
the ionization/dissociation step, the angular distribution of the measured 2D projec-
tion is related to the angular distribution of the molecule before dissociation and can
therefore be used to quantify the degree of alignment.

A schematic drawing of the experimental setup is shown in Fig. 3.6. The exper-
iment is done in two steps. In the first step, the molecular sample is prepared in a
single rotational quantum state using a hexapole. A mixture of 10% NO in Ar (room
temperature at a stagnation pressure of 1.6 bar) was expanded into a vacuum cham-
ber using a pulsed nozzle at a repetition rate of 12.5 Hz. After passing through a
˛ D 1 mm skimmer positioned at 5 cm from the nozzle, the beam entered a 1 m
hexapole state selector, positioned 30 cm from the nozzle. The hexapole consists of
six rods raised to 9 kV voltage that alternate in sign. In our experiment, the hexapole
focuses NO molecules that reside in the low-field seeking � D �1 component of
the J D 1=2 �-doublet into the VMI spectrometer placed 30 cm downstream. NO
molecules in the lower � D C1 component of J D 1=2 are rejected. Due to the adi-
abatic expansion of the molecules after the pulsed nozzle, higher exited rotational
levels of NO are only weakly populated and pass essentially undeflected along the
axis of the hexapole due to their much smaller Stark effect. The state-selected molec-
ular sample experiences in the detection region a DC field of 13 kV cm�1. This field
serves both for the orientation of the molecules (to a value hcos �i D 0:30, where �

is defined as the angle between the electrostatic field and the molecular NO axis)
and for the extraction of the ions.

To impulsively align/orient the molecules, the experiment used a pump-probe
setup. The output of a linearly polarized femtosecond Ti:sapphire laser system
(30 mJ, 70 fs at a repetition rate of 25 Hz) is split with a 70/30 beamsplitter to
provide a moderate energy pump beam and a high energy probe beam. Alignment
and orientation may be probed either with an intense 800 nm beam directly or after
frequency doubling in a (3 mm KDP) crystal, using 400 nm radiation. Frequency
doubling reduces eventual problems with pre-pulses in the probe process. After dou-
bling, the pulse energy is approximately equal to 1 mJ. The pump beam (2.5 mJ) is
sent into a 4-f dispersion line pulse shaper consisting of a 640 pixel spatial light
modulator (SLM) placed at the Fourier plane of two cylindrical mirrors [53]. The
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Fig. 3.6 Schematic representation of the experimental setup where a state-selected NO beam is
crossed with two pulses at the center of a VMI spectrometer. State-selected NO molecules are
prepared using a hexapole in front of a pulsed nozzle valve. The first 800 nm pulse is used to
impulsively align and orient the molecules and the second (400 nm) pulse to probe the induced
rotational dynamics by Coulomb explosion of the molecule. The fragments produced by the 400 nm
pulse are detected by a velocity map imaging spectrometer and recorded with a CCD camera. Both
pulses are linearly polarized and the direction of their polarization axis is controlled by rotating
a half-wave plate in their respective arms. A pulse shaper controlled by a computer allows us to
modify the pulse profile that is used to enhance the molecular orientation. Reprint from [32]

SLM device allows us to modify the spectral phase of the pump electric field which
alters the temporal profile of the pulse. A delay stage composed of two mirrors
mounted on a motorized translation stage is placed in the pump arm allowing to
control the relative delay between the pump and probe beams. Both beams are then
recombined collinearly using a dichroic mirror and focused into the VMIS chamber
by an f D 20 cm achromatic lens. The laser beams intersect the molecular sam-
ple at the center of the VMIS where NqC and OqC fragments originating from the
Coulomb explosion by the probe pulse are projected onto a position-sensitive detec-
tor consisting of a dual micro channel plate followed by a phosphor screen. A 20 ns,
1.6 kV gating pulse is applied on the MCP in order to selectively detect fragments
of a certain mass/charge ratio arriving on the detector. The 2D velocity distribution
on the phosphor screen is recorded by a CCD camera and then transferred to an
acquisition computer. To remove the effect of background contamination, a subtrac-
tion routine was employed and the fragments were measured with and without the
presence of the NO gas during every other laser shot.
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3.7 Sign of the NO Dipole Moment

Before performing experiments on laser field-free alignment/orientation, the sign of
the permanent dipole moment of NO was first determined. As reported by Townes
and Schawlow [54], the sign of a permanent dipole moment can in principle be
obtained experimentally from the isotopic dependence of magnetic susceptibility
factors. However, even the highest precision measurements have been unable to
determine the sign of the NO dipole moment experimentally [55]. This dipole
moment has been the subject of a recent controversy [56] due to an unresolved
sign discrepancy between measurements and calculations of the steric asymmetry
for He-NO, Ar-NO, and D2-NO rotationally inelastic collisions [56, 57].

Experiments were performed where the fragments coming from the Coulomb
explosion of the DC oriented state-selected NO molecules were recorded. Only a
single laser pulse was used in this case. Representative images with detection of
N2C ions and O2C ions originating from the interaction with a strong 800 nm laser
pulse are shown in Fig. 3.7. The laser polarization was set to C20ı. To allow for
a quantitative interpretation of the data, the integral of the images along the verti-
cal axis is plotted below the two-dimensional velocity distributions. In both panels,
the left image shows the fragment velocity distribution without applying any volt-
age to the hexapole. In this case, the molecular sample contains equal distributions
from both the high-field and low-field seeking component of the J D 1=2 �-doublet
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Fig. 3.7 Ion images for Coulomb explosion of oriented NO. The left panel (a–b) shows images
if the gate is set to detect N2C ions, images in the right panel (c–d) are from O2C ions. With the
hexapole off (b,d) no net orientation is present. Applying a voltage to the hexapole rods increases
the ion yield and a strong orientation is visible for (b) N2C and (d) O2C. The laser polarization
is ˛ D 20ı and the left spot shows the ions from atoms that originally pointed upward. (e–h)
Integrated intensity along the y-axis of the images displayed above
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state, and the image is symmetric. In the right images, a voltage is applied to the
hexapole that focuses the low-field seeking state into the spectrometer, while de-
focusing the high-field seeking state. An increase in the ion yield is observed that
results from the focusing of the molecules and that is accompanied by the observa-
tion of a substantial asymmetry in the images. From the figure, it can be concluded
that the N2C fragments preferentially recoil in the direction of the detector (i.e.,
along the DC electric field) while the O2C ions preferentially recoil away from the
detector. Accordingly, the N-end of the state selected NO molecules preferentially
points upward (toward the extractor, being the negative electrode), while the O-end
preferentially orients downward (toward the repeller, being the positive electrode).
As the NO is in a low-field seeking state, the dipole moment (for v D 0) is such that
N is negative and O is positive (N�OC).

The experiment described above is extremely sensitive to the initial orientation
of the molecules. As we will show after and as demonstrated by Friedrich and co-
workers [58,59], the combination of a DC field and a short laser pulse can lead to an
impulsive orientation of the molecules with an orientation that periodically reverses
in time. Therefore, if the probe laser field contains pre-pulses, the orientation can
be altered or can change. In order to gain confidence that the NO dipole moment
obtained by Coulomb imaging of N2C and O2C using an 800 nm laser pulse was
right, other experiments were also conducted at 400 nm and using XUV generated
by means of high-harmonic generation in Ar [48]. Both experimental results (see
[48]) confirmed the same sign of the NO dipole moment, N being negative and
O positive (N�OC).

3.8 Impulsive Alignment and Orientation

3.8.1 Laser Field-Free Alignment

In this section, we discuss experiments where hexapole state-selected NO molecules
were used in a pump-probe arrangement coupled to a VMIS to observe and detect
field-free molecular alignment of NO. As explained before, the role of the short
pump laser pulse is to impart a kick to the molecule that leads to the creation of
a rotational wave packet by successive two-photon Raman processes. The peri-
odic re-phasing of this coherent superposition of states after the pulse has ended is
responsible for an alignment of the molecules along the laser polarization that can
be probed by Coulomb explosion of the molecules using a second laser pulse. As the
molecules are initially prepared in a selected state, no effect of thermal averaging
occurs and a strong degree of alignment is expected.

For this experiment, a lower DC field was used since we were interested only in
measuring the induced alignment. The polarization of the pump pulse was kept par-
allel to the molecular beam (in the plane of the MCP detector) and the polarization
of the probe beam was chosen parallel to the detector axis. In this configuration,
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a b c

fed

Fig. 3.8 Typical 2D velocity distributions of NC (top) and N2C (bottom) fragments recorded for
three pump-probe delays; (a) and (d) when the probe pulse is sent 1 ps before the pump pulse, (b)
and (e) around 19.4 ps on a planar delocalization peak, (c) and (f) around 20.1 ps on an alignment
peak

the signal is free from the contribution of the geometrical alignment that comes
from the probe process which is due to the angular selectivity of the ionization pro-
cess. Figure 3.8 shows the 2D velocity distributions of the NC and N2C fragments
recorded at different pump-probe time delays. When the probe pulse is sent before
the pump pulse, the angular distribution of the fragments is isotropic, meaning that
no alignment occurs. Rapid changes of the angular distribution are observed at later
time delays, in particular at time t D 19:4 ps and t D 20:1 ps, where the angular
distribution peaks perpendicular and parallel to the pump laser polarization, respec-
tively. The former corresponds to a planar delocalization of the molecule where
most molecules are aligned perpendicular to the laser polarization axis, whereas the
latter corresponds to preferential alignment of the internuclear axis along the laser
polarization axis.

A series of measurements was performed where images were recorded as a func-
tion of the pump-probe time delay. Results of these measurements are summarized
in Fig. 3.9, which shows the expectation value hcos2 �2Di obtained after integration
of the images, where �2D is the angle of the measured velocity with respect to the
vertical axis of the images (laser polarization, see Fig. 3.8). Strong revivals of the
alignment are observed where hcos2 �2Di decreases and increases on a picosecond
time scale. The presence of these revivals clearly indicates that the pump laser pulse
has produced a rotational wave packet that freely evolves after the pump laser excita-
tion has ended. At high intensity, our measurements reveal that the frequency of the
oscillations increases, and the revivals become regularly spaced with a separation
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of approximately 5 ps. Quantum mechanically, this can be explained by the evo-
lution of the wave function for the several rotational states that are populated by
the laser (see Sect. 3.5). The revival time 1=4Bc that was rationalized in Sect. 3.5
corresponds to the 5 ps revival period that is observed here.

Molecular alignment is generally quantified using the expectation value hcos2 �i,
where � represents the angle between the molecular axis and the polarization of
the pump laser pulse. hcos2 �i can be obtained from an Abel inversion of the 2D
velocity projection if the experiment contains a symmetry axis in the plane of the
2D detector. Under the conditions of the experiment, where the probe laser was
polarized parallel to the detector axis, this condition is not fulfilled. In order to
extract hcos2 �i from our measurements, the time dependence of hcos2 �2Di was
therefore compared with that of hcos2 �i calculated by solving the time-dependent
Schrödinger equation. The method we have used to extract the expectation value
hcos2 �i is similar to the shaped base analysis performed in [60] that consists of
fitting the theoretical result to the shape of the measured alignment signal. For a
particular molecule, the degree and shape of the revival of the alignment depends
mainly on three parameters, namely the pulse duration, the peak intensity, and the
temperature of the molecular sample. As we start from a single rotational state (i.e.,
T D 0 K), we can infer the actual degree of molecular alignment by adjusting only
the strength of the laser field and using the measured pulse duration in our simulation
to match the measured structure. A scale factor is also needed to adjust the ampli-
tude of the theoretical curve to that of the experimental signal. The result of this
procedure is shown in Fig. 3.9 on top of the experimental signal. For the two inten-
sities investigated here, a very good agreement was found allowing us to conclude
that hcos2 �i reaches a maximum of 0.76 for the higher intensity.

a

b

Fig. 3.9 Time evolution of hcos2 �2Di (dotted line) obtained by angular integration of the images
for a pump intensity of 25 TW cm�2 (b) and 40 TW cm�2. (a) The value of hcos2 �i (gray line)
resulting from a shape-based fitting analysis is shown as well
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The maximum degree of alignment for the two intensities investigated here is
almost identical, meaning that the alignment is already saturated. Moreover, fur-
ther experiments where the pulse energy was increased even more did not show
an enhancement of the degree of molecular alignment. This is the first observa-
tion of this effect which had been predicted theoretically in the literature [49].
In other experiments performed at room temperature or in a rotationally cold molec-
ular sample, the saturation of alignment is expected at an intensity where large
ionization occurs, making the observation of the saturation more difficult. The use of
a hexapole allows to observe saturation of alignment at an intensity where ionization
of the molecules remains small.

The use of a sample of quantum state-selected molecules brings out new fea-
tures (see Fig. 3.10) in the time-dependent alignment that have not been observed
before. Given that the laser excitation starts from a single rotational state, a unique
quantum mechanical wave packet is formed in the experiment, as opposed to exper-
iments that involve thermal averaging, where different quantum mechanical wave
packets are present simultaneously. Consequently, our experiments show the first
hints of complicated structure in the angular distribution away from revival times,
especially between revivals of the alignment at t D 17:5 ps. This suggests that, using
an alignment detection scheme that allows full retrieval of the 3D angular distribu-
tion (such as fs XUV pulses that dissociatively ionize the aligned molecules [48]),
it may be possible to fully reconstruct the amplitudes and phases of the rotational
wave packet produced.

3.8.2 Laser Field-Free Orientation

The main goal of the experiment was to produce a high degree of laser field-
free molecular orientation. A weak degree of impulsive orientation was previously
demonstrated in the OCS molecule by Sakai and co-workers [29]. In this pioneering
experiment, impulsive orientation was induced by the combination of a DC field
with a rapid turn-off of a long laser pulse. Similar to a short laser pulse, the rapid
turn-off of the field leads to the formation of a rotational wave packet that dis-
plays revivals of the alignment and orientation if an electrostatic field is added. The
measured degree of orientation in this experiment was modest due to the incoherent
de-phasing induced by the presence of many different rotational states in the initial
sample. The use of a hexapole or an electrical device such as a deflector recently
shown by Holmegaard et al. [61] allows to state-select molecules and therefore to
overcome the effect of thermal averaging.

Experiments on laser field-free orientation were performed as follows: the small
DC electric field used in the previous alignment experiment was increased to
13 kV cm�1. This electrostatic field strength assures a good DC orientation of the
state-selected NO molecule. As shown in the theoretical section, this relatively high
DC field strength is only needed for molecules with a small dipole moment such as
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NO. For OCS, with a dipole moment five times bigger than that of NO, a DC field
strength of only 1 kV cm�1 is required. Impulsive orientation was then induced with
a 90 fs laser pulse polarized along the detector axis (in the direction of the DC field)
and probed by Coulomb explosion using a strong 400 nm laser pulse polarized at
30ı with respect to the pump polarization [32, 48]. This allows to distinguish frag-
ments with a recoil velocity away from or toward the 2D detector. The measured
2D velocity distribution consists of two spots, with a relative intensity that serves
as a measure of the molecular orientation. We note that the temporal resolution of
our spectrometer did not allow the determination of the molecular orientation from
flight time differences (around 1 ns) for fragments initially moving toward or away
from the detector as used in [29].

Figure 3.11 shows raw N2C images obtained at different pump-probe time delays
as well as the time evolution of the momentum distribution obtained from integrat-
ing the images along the vertical axis. For negative time delays, the asymmetry in
the ion images reveals the orientation induced by the DC field strength only. At
overlap, the asymmetry switches sign and is followed by a periodic inversion of the
brightest spot between the upper and the lower part of the detector every 5 ps. In
particular, around times t D 8 ps and t D 19 ps, the N2C detection occurs predom-
inantly in the upper part of the images, while at times t D 9 ps and t D 20 ps the
N2C detection occurs predominantly in the lower part of the images. These periodic
oscillations indicate that the 800 nm laser pump pulse has impulsively excited the
molecule producing a rotational wavepacket with an orientation that periodically
alternates.

Similar to the previous discussion on impulsive alignment, we can extract an
expectation value hcos �2Di (see Fig. 3.12, left), and a corresponding hcos �i (see
Fig. 3.12, right) that is obtained from a TDSE simulation by fitting to the shape of
the measured hcos �2Di. hcos �2Di shows rapid modulations with a periodic inver-
sion of the sign of the orientation, which is very well reproduced by our theoretical
model for all intensities investigated here. At low intensity, hcos �2Di is mainly com-
posed of a single oscillation period. At this low energy, the first transition �J D 1

is predominant and leads to a rephasing period T1 D 1=.3Bc/ D 6:5 ps as observed
in our experiment. Other frequencies contribute at higher intensities. For instance,
at 20 TW cm�2, revivals spaced by 4 ps are observed corresponding to a period
T1 D 1=.5Bc/. At the higher intensity investigated here, revivals appear every 5 ps.
However, since only quantum beats between adjacent levels �J D ˙1 contribute
to the impulsive orientation, the full revival period (where the wave function returns
to its initial form) is given by T D 1=.Bc/ D 20 ps. Revivals at 5, 10, and 15 ps
represent therefore the 1/4, 1/2, and 3/4 revival time.

We note that the quantitative relation between hcos �2Di and hcos �i is a com-
plex function of the initial orientation in the DC field, the dynamic alignment and
orientation created by the probe laser, the dependence of the fragmentation proba-
bility on the angle between the probe laser polarization and the molecular axis, and
the angle between the pump and probe lasers. It is therefore not straightforward
to really quantify the degree of orientation using directly the expectation value
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Fig. 3.10 2D velocity distribution of NC fragments recorded at t D 17:5 ps between the pump
and probe laser pulse (right) and corresponding angular distribution (left). The angular distribution
exhibits new peaks at 50ı and 130ı

Fig. 3.11 Time evolution of the momentum distribution of N2C fragments along the vertical axis
of the detector. The N2C 2D velocity distributions recorded at delays indicated by the red rectangle
are shown. After the pump-probe overlap, a periodic switch of the most brighter spot between the
top and bottom part of the images is observed
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Fig. 3.12 Time-dependent degree of orientation hcos �2Di obtained by an integration of the
recorded N2C 2D momentum distributions (left panel) and corresponding hcos �i obtained by
integrating the time-dependent Schrödinger equation at different intensities: (a) 10 TW cm�2, (b)
20 TW cm�2, (c) 27 TW cm�2, and (d) 40 TW cm�2

hcos �2Di obtained from integrating the images. However, the good agreement
between experiment and theory allows to extract a good approximation of the degree
of orientation reached experimentally. At 40 TW cm�2, hcos �2Di reaches a maxi-
mum value of �0:4, which according to the TDSE simulations corresponds to a
degree of orientation hcos �i equal to �0:6. We note that, as for the alignment,
the maximum degree of orientation is constant for intensities above 30 TW cm�2,
meaning that the orientation is already saturated.
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3.8.3 Orientation and Alignment with Shaped
Intense Laser Pulse

In this section, we report optimal control of the laser field-free orientation using the
degree of orientation evaluated through the 2D velocity distribution of the recorded
N2C fragments for feedback. Since we reported in Sect. 3.8.2 that increasing the
intensity does not lead to an enhancement of orientation, we may ask if the degree
of orientation that was observed there corresponds to the maximum attainable orien-
tation. Since the experiment already starts from the ideal case of having just a single
initially populated state, the only parameter left is the temporal profile of the pump
laser electric field. The optimization of laser field-free alignment by shape laser
fields has been the subject of intense research during the last decade. Two methods
have shown to be quite efficient. The first one consists to use a sequence of pulses
with suitable chosen delays between the pulses. When pulses are synchronized with
the revival of alignment, each pulse interacts with a pre-aligned sample, leading to
a better efficiency of the alignment process [62, 63]. The second method consist of
tailoring the temporal profile by a pulse shaping device such as a spatial light mod-
ulator (SLM) [64]. The role of an SLM device is to modify the temporal profile by
acting on the phase, polarization, and/or amplitude of each spectral component of
the electric field. Optimization of the process is then carried out by optimizing for
instance the spectral phase (the n pixels of the SLM) of the electric field using, for
instance, an evolutionary algorithm in an adaptative loop control [65–67].

The large averaging needed to observe a good 2D velocity distribution com-
bined with the large number of iterations required for this kind of algorithm
before converging to a solution makes a full optimization procedure very chal-
lenging. However, one can decrease the number of iterations by parameterizing the
phase using a particular function. Only few parameters need then to be optimized.
Recently, Hertz and co-workers [68, 69] theoretically demonstrated that the field-
free alignment of diatomic molecules such as N2 and O2 can be increased when a
sigmoidal phase mask is applied to the pulse. A sigmoidal phase function introduces
a phase jump that is described by three parameters, namely an amplitude A, a cen-
tral laser frequency �0 where the jump occurs and a slope s describing the slope of
the phase-function around �0

�.�/ D A
1

1 C e.���0/=s
: (3.27)

The corresponding temporal profile consists of a long leading edge prior to a main
kick pulse. The long leading edge pre-aligns the molecule, while the main pulse
subsequently induces a strong revival that is substantially stronger than that created
by a Fourier Transform Limited (FTL) pulse.

To explore the utility of sigmoidal phase patterns for achieving molecular ori-
entation, a feedback loop-controlled experiment was performed using a simplex
optimization algorithm. The three parameters of the sigmoidal phase were optimized
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Fig. 3.13 2D velocity distribution of NC fragments recorded at t D 20:1 ps between the pump and
probe laser pulse with the FTL pulse (left) and with the optimized pulse (right). The bottom panel
shows the optimized pulse profile as well as the evolution of hcos �2Di during the optimization
procedure in inset

in order to minimize the value Œ1�jhcos �2Dij
 at � D 20:1 ps, where the FTL pulse
created a minimum in Œ1 � jhcos �2Dij
.

Figure 3.13 shows N2C images recorded with the FTL pulse (left) and with the
best sigmoidal phase function found by the simplex method (right), respectively.
The degree of orientation obtained with the shaped laser pulse clearly exceeds the
one obtained with the FTL pulse. The optimized pulse shape is shown in Fig. 3.13
as well as the evolution of hcos �2Di with the number of iteration (phase tested)
used by the simplex optimization algorithm before reaching convergence. Only few
iterations are needed (less than 15) making the optimization fast enough for the
experimental conditions (laser intensity, pressure, etc.) to remain constant. From
this figure, we can conclude that hcos �2Di reached �0:5.

To obtain hcos �i, N2C fragment images were again recorded as a function of
the pump-probe time delay, and the hcos �2Di from these images was compared
with TDSE simulations using the laser pulse energy and the parameters of the sig-
moidal phase function obtained experimentally (A D 6	 , �0 D 0:375 THz, and
s D �0:0012 THz). The result is shown in Fig. 3.14a along with a comparison
with the FTL pulse. An increase from �0:4 to �0:5 is observed experimentally,
which according to the TDSE corresponds to an increase of hcos �i from �0:6 to
�0:74. The sigmoidal pulse shape brings therefore the degree of orientation within
0.26 of maximum value 1. The optimized laser field consists of two weak pulses
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Fig. 3.14 Left panels: (a) Time-dependent degree of orientation hcos �2Di (dotted line) obtained
by an integration of the recorded N2C 2D momentum distributions and corresponding hcos �i
(gray line) obtained by integrating the time-dependent Schrödinger equation using the optimized
pulse shape. Comparison with the FTL pulse is shown as well (b). Right panels: Corresponding
degree of laser field-free alignment obtained using the same procedure for both the optimized laser
pulse and the FTL pulse

(see Fig. 3.13c) with a separation of approximatively 1 ps, which together act as a
long adiabatic edge preceding the main kick that creates the rotational wavepacket.
In this way, the pulses lead to an optimal rephasing of the rotational wave packets at
the full revival period.

The alignment can also be reconstructed in this particular pump-probe polar-
ization geometry, but it is more influenced by the probe laser pulse. This leads
to an enhancement of the baseline of the measured hcos2 �2Di and to a larger
difference with the computed hcos2 �i. Figure 3.14c, d shows hcos �2Di obtained
experimentally using an FTL and the shape laser pulse that lead to the optimization
of orientation. An optimization of the induced molecular alignment is also observed
with an increase of hcos2 �i to a value 0.82.

3.9 Conclusions and Remarks

In this chapter, we have reported on experiments where we have combined hexapole
state selection with short intense laser pulses and, by doing so, (1) measured the
sign of the NO dipole moment, (2) demonstrated and controlled impulsive laser
alignment and orientation of a fully state-selected NO molecular sample. In addition
to these experiments, impulsive alignment and orientation for a set of molecules
applicable for hexapole state-selection was investigated theoretically.

The ability to fully orient polar molecules allows one to observe physical and
chemical processes in the molecular frame. For example, the photoelectron spectra
under XUV excitation or high-harmonic generation in an oriented molecular sample
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may be studied. The dependence of these two processes on the angle of the mole-
cular axis with the laser polarization allows one to explore both molecular structure
as well as to investigate fast molecular or electron dynamics.
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Chapter 4
Quantum Interference in Ionization of Excited
Molecules: X-Ray Emission Control
and Dynamic Imaging

Mikhail Yu. Emelin, Mikhail Yu. Ryabikin, and Alexander M. Sergeev

We present the detailed theoretical study of high-order harmonic generation from
excited molecules driven by ultraintense laser pulse. We concentrate on the quan-
tum interference of the electron wave packets emanating from different nuclei of a
stretched aligned molecule in the process of ionization. We demonstrate that, due
to the quantum interference of the de Broglie waves, high harmonic spectra are
extremely sensitive to the molecular configuration, which offers opportunities for
coherent X-ray emission control and ultrafast dynamic imaging of molecules.

4.1 Introduction

High-order harmonic generation (HHG) in intense laser-gas interactions provides
a very useful tool for the attosecond pulse production [19, 31]. The generation of
isolated pulses shorter than 100 as in the HHG process with extremely short laser
pulses has been reported recently [17]. First proof-of-principle experiments have
demonstrated the feasibility of precise time-resolved measurements and control of
atomic and molecular processes using attosecond pulses (see, e.g., reviews [24,29]).

Future applications of HHG to ultrafast X-ray spectroscopy and quantum con-
trol will greatly benefit from the ability to spectrally shape the harmonic field [33].
Of great importance for time-resolved X-ray absorption spectroscopy [37] is the
availability of the radiation with the photon energies reaching or even exceeding
1 keV, whose feasibility using the HHG source has been shown recently [36]. The
key point on the way of putting such extremely short-pulse HHG-based soft X-ray
sources into practice is to enhance the brilliance of HHG.

Molecular systems have attracted considerable recent interest as the media for
HHG due to the fact that, because of their higher complexity as compared with
the atomic ones, they provide additional means for the control of the HHG process
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[2, 6, 16, 25, 39, 41], which are beyond the possibilities of their simple atomic coun-
terparts. A variety of new opportunities are provided by using excited molecular
transients to enhance the efficiency of high-harmonic and attosecond pulse genera-
tion and to control their spectral and temporal characteristics. These enhancement
and control features, which are often based on various interference phenomena, can
be implemented by producing molecular rotational [20,21], vibrational [11,32], and
dissociative [30] wave packets.

In what follows, we present the results of our theoretical study of single attosec-
ond pulse generation during ionization of molecules by an intense few-optical-cycle
laser pulse. We discuss the possibilities for highly efficient production of light pulses
as short as about 100 as in the process of Coulomb-barrier suppression ionization
(BSI) of excited molecules. We demonstrate the possibility for continuously tun-
able X-ray production due to the quantum interference of the electron wave packets
emanating from different nuclei of a stretched aligned molecule in the process of
ionization. The possibilities for using high sensitivity of HHG spectra to molecular
alignment and internuclear separation for molecular ultrafast dynamic imaging are
also discussed.

4.2 Attosecond Pulse Production from Electronically Excited
Atoms and Molecules

If a rapidly increasing electric field in a few-cycle driving pulse or at the leading
edge of a high-power laser pulse exceeds the critical value, atoms are ionized dur-
ing a short time within one optical cycle (see, e.g., [34]). The free-electron wave
packet is then strongly localized. It has an oval shape that is retained in the course
of laser-induced acceleration and quantum-mechanical diffusion [8]. Upon return-
ing to a parent ion, this compact wave packet gives rise to a short burst of radiation
due to the classical bremsstrahlung mechanism. Unlike in the commonly treated
high-harmonic regime, in which only a part of the electron wave packet is set free
each half-cycle of the driving field, in the case of quick bound-state depletion, high-
energy photons are not produced via continuum-bound transitions (leading to the
well-known cut-off law [5,23]) but rather via continuum–continuum transitions. An
efficiency of HHG in this regime appears to increase dramatically if the excited
electronic states of atoms [8] or molecules [7] are used. To explain the nature of
this enhancement, we note that the efficiency of HHG in the BSI regime is basi-
cally limited by the spreading of the free-electron wave packet. As the wave-packet
spreading rate is governed by the extent of its initial delocalization, the efficiency
of attosecond pulse generation can be enhanced by choosing an appropriate initial
state [6, 8].
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4.2.1 Roles of Different Types of Transitions in HHG

Polarization of volume element of the medium consisting of identical atoms or
molecules is defined as a product P.t/DN�.t/, where N is the concentration
of particles and � is the mean value of the dipole moment, which is defined
quantum-mechanically as

�.t/ D h .r; t/ j�rj .r; t/i; (4.1)

where  .r; t/ is the electron wave function.
Hereafter for simplicity we will consider one-electron systems (H atom and H2

C
molecular ion). For the electron-field interaction, we will exploit the electric dipole
approximation. The electron wave function satisfies the time-dependent Schrödinger
equation (TDSE)

i
@

@t
 .r; t/ D

�
�1
2

r2 C V.r/C rE cos.!0t/

�
 .r; t/; (4.2)

where V.r/ is the nuclear attraction potential in the one-electron approximation and
E is the electric field vector. Atomic units are used throughout the chapter.

The wave function in (4.2) can be represented as the sum of parts corresponding
to the bound . b/ and free . f/ electron:  D cb b C cf f. The squared modulus
of the wave function in (4.1) is then written as

j j2 D jcbj2 j bj2 C cb
�cf b

� f C cbcf
� b f

� C jcfj2 j fj2 : (4.3)

The first term in the right-hand member of (4.3) corresponds to the bound–bound
transitions, the second and third terms correspond to the transitions between bound
and continuum states, and the last term describes the continuum–continuum tran-
sitions. The first term, which describes intraatomic transitions, is responsible for
the fast-falling low-frequency part of the harmonic spectrum and is unimportant
for attosecond pulse production. In the commonly treated case of weak ionization,
the contribution of the continuum–continuum term to the dipole moment is rela-
tively small and is not usually taken into account. Therefore, the theory of HHG
[15, 27, 35] concentrates usually on the continuum–bound transitions. In this case,
the high-energy photon emission is predominantly due to the electron recombination
with the parent ion.

Until recently, much less studied from the viewpoint of attosecond pulse pro-
duction was the regime of fast ionization at the leading edge of a high-power laser
pulse [38]. As mentioned above, the high-energy photon emission in this case is due
to the continuum–continuum transitions (the term jcfj2j fj2 in (4.3)).
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4.2.2 Highly Efficient HHG from Excited Atoms and Molecules
Using Continuum–Continuum Transitions

The mechanism of HHG described above is of potential use for a single attosecond
pulse production [22]. However, in the usual case of atomic ionization from the
ground state, HHG in the BSI regime is inefficient [13] because of the spreading of
the free-electron wave packet. Nevertheless, as we have shown recently [8, 10], an
efficiency of the frequency conversion in this regime can be enhanced dramatically if
the properly prepared initial states are used. For example, for the case of a hydrogen
atom prepared in an excited s-state, an efficiency of the visible to XUV frequency
conversion can be enhanced by orders of magnitude for an optimally chosen value
of the principal quantum number n of the initial state. Moreover, in this case, the
generation of the radiation bursts of the duration of the order of ten has becomes
possible [9]. This is due to the slowed spreading of the laser-driven electron wave
packet because of higher degree of delocalization of the initial state wave function
(we recall that, according to the uncertainty principle, a particle with poorly defined
coordinate can be highly localized in the momentum space). In what follows, we
will demonstrate that this mechanism can lead to a more efficient attosecond pulse
production as compared with the recombination mechanism. Further, in Sect. 4.3
we will show that manipulations of vibrational and rotational degrees of freedom
of a molecule can also lead to a greatly enhanced efficiency of attosecond pulse
production using continuum–continuum transitions with the added bonus of a wide-
range frequency tuning of the generated radiation.

4.2.3 Single Attosecond Pulse Production: Bremsstrahlung
vs. Recombination Radiation

Below we present the results of numerical simulations aimed at the compari-
son, by the example of H atom, of two above-mentioned mechanisms of HHG –
based on (a) continuum–bound and (b) continuum–continuum transitions – from
the viewpoint of producing most short and intense single attosecond pulses.

Our study was based on the 3D numerical solution of TDSE for H atom driven
by laser pulse. To numerically integrate the TDSE, we employed the split-operator
fast Fourier transform technique [14]. The atomic nonlinear radiative response was
calculated via the time-dependent dipole acceleration expectation value [4]

R.t/ D
ZZZ

j‰.x; y; z; t/j2 @V
@z

d x d y d z (4.4)

using Ehrenfest’s theorem. From this quantity, the harmonic emission spectra were
obtained by Fourier transformation into the frequency domain.
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For the first of the above-mentioned mechanisms, it is important that by the
instant of electron–ion recollision a significant part of the electron wave packet
remains in a bound state. That is why it is preferable that the state with the maximum
binding energy, i.e., the ground state, is used as the initial one. For this mechanism,
we will consider the case when the attosecond pulse is produced using a few-cycle
laser pulse with spectral filtering of harmonics near the cutoff of the HHG spectrum
[19]. The cosine-like few-cycle waveform is optimal for producing isolated attosec-
ond pulse using this approach [1]. Reasoning from that, in the numerical simulations
for this generation mechanism we considered the hydrogen atom in 1 s-state driven
by the 5 fs laser pulse

E.t/ D E0 exp

"

� ln.4/
.t � 8�=!0/

2

�2

#

cos.!0t/ (4.5)

with !0 D 0:057 corresponding to œ D 800 nm. The electric field peak amplitude
E0 was used as an objective parameter in the optimization procedure. The optimal
intensity was found to lie in the range .3–5/�1014 W cm�2. In this intensity regime,
the atomic ground-state population remains significant; therefore, the second and
third terms of (4.3) are dominant for the response R.t/.

In the simulations for the second mechanism of HHG, we considered the hydro-
gen atom in the first (2 s) excited state. The driving pulse was taken as

E.t/ D exp
h
�5.!0t=2� � 1/4

i
sin!0t (4.6)

with !0 D 0:114 corresponding to � D 400 nm. No optimization was made in
this case. In the field given by (4.6), all bound states become depopulated almost
entirely; therefore, the responseR.t/ is dominated by the free–free part, i.e., the last
term of (4.3).

The results of numerical simulations are illustrated in Fig. 4.1.
For the first (recombination) mechanism, we found that the peak intensity of the

laser pulse I0 � 3:5 � 1014 W cm�2 is optimal for producing most intense attosec-
ond pulse, while the laser pulse with the peak intensity I0 � 4:25 � 1014 W cm�2

produces the shortest (115 as) pulse (in this section; by attosecond pulse, we mean
the part of the atomic polarization response corresponding to the excitation of an
attosecond burst during the electron recollision with the parent ion). Figure 4.1a, b
plot the time profile of the signal obtained for these intensities I0 by filtering out all
harmonics except for those belonging to the near-cutoff spectral range. The spectral
window was chosen so that the net signal was a single pulse.

For the second (bremsstrahlung) mechanism, the typical attosecond burst has
the characteristic shape similar to that shown in Fig. 4.1c. This figure plots the
attosecond pulse produced in the field (4.6).

Note that in this case, because of full ionization during one half-cycle of the laser
field and the quantum-mechanical spreading of the electron wave packet, the high-
energy photon emission due to the electron-ion recollisions during the subsequent
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Fig. 4.1 Time profile of the attosecond burst in the polarization response of H atom for HHG
using (a, b) continuum-bound and (c) continuum-continuum transitions. (a) and (b) correspond to
the optimization of the intensity of laser pulse (4.5) for producing (a) most intense and (b) shortest
attosecond burst

cycles of the field is negligible. The spectrum of the polarization response exhibits
two pronounced parts related to two different stages of the electron wave-packet
evolution. The atomic response corresponding to the electron detachment and quasi-
free motion to the turning point constitutes the low-frequency part of the spectrum,
while the recollision gives rise to the high-frequency continuum (see Fig. 1 in [8]).
Therefore, in this case the spectral filtering does not affect the parameters of the
generated attosecond burst. From the comparison of the bursts shown in Fig. 4.1
we conclude that in the case of the generation using continuum–continuum transi-
tions, the generated burst is significantly shorter (for the case shown in Fig. 4.1c its
duration is 63 as) and its peak intensity is about 6.5 times higher than for the pulse
produced via the recombination mechanism. Note that while, as mentioned above,
for the continuum–continuum mechanism we did not make any optimization of the
laser parameters, it is clear that for higher laser intensity the attosecond burst will
be shorter because of higher velocity of the recolliding electron. With laser intensity
entering the subrelativistic regime, the efficiency of attosecond pulse production will
be limited by the magnetic field effect (see [10]; see, in particular, the discussion on
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the compensation of the magnetic field effect in aligned stretched molecules). We
note also that, by optimization of the initial electronic state, the duration of the
generated pulse can be significantly shortened [9].

4.3 Quantum Interference in Ionization of Stretched Molecules:
Application to the X-Ray Emission Control

In molecules, because of the presence of several nuclei, there are several sources of
the free-electron de Broglie waves arising from ionization. These waves interfere in
the course of further propagation. For a diatomic molecule, this two-center interfer-
ence, in a sense, is analogous to the Young’s two-slit interference of the light beams.
In the case of ionization of stretched aligned molecules in a rapidly increasing laser
field, the resulting wave packet gains a regular structure with the characteristic spa-
tial scale dependent on the geometry of the system. This interference modulation
induces characteristic patterns in the emission spectra.

4.3.1 Numerical Results

In this section, we present the 3D numerical study of the time evolution of the elec-
tron wave packet released by an intense few-cycle pulse from an H2

C molecular
ion. For H2

C ion, we considered the two-center potential V.x; y; z/ with Coulomb
singularities. Calculations were made for different fixed values of the internuclear
distance D and the molecular orientation angle ™ with respect to the laser electric
field, which was considered linearly polarized along the z axis.

The numerical results presented below were obtained for the H2
C ion driven by

an optical pulse with electric field given as

E .t/ D 2 exp
j
�5 .!0t=2� � 1/4

k
sin!0t (4.7)

with !0 D 0:114; laser peak intensity is I0 � 1:4 � 1017 W cm�2. It should be
mentioned that the particular waveform we chose is only an example and all the
physics discussed here is not closely tied to this particular choice. The requirements
we impose on the waveform are rather general: the pulse has to be intense enough to
provide rapid ionization (during one half-cycle of the field) and, in addition, steeper
rising edge of the pulse is desirable to more strongly accelerate the wave packet.
State-of-the-art laser tools for attosecond technology are already capable of meeting
these requirements [3, 18].

Figures 4.2 and 4.3 show the electron probability distribution at the beginning
of the recollision with the parent molecular core after the detachment from the
H2

C ion by laser pulse (4.7). The electron probability distribution within the box
of .512 � 128/ grid points (dx D dz D 0:4 atomic units) in the y D 0 plane
is shown.
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Fig. 4.2 Snapshots of the electron wave packet recolliding with the molecular core after the
detachment from the H2

C ion by laser pulse (4.7) for different orientations of the molecular axis:
(a) � D 90ı, (b) � D 45ı, and (c) � D 0ı. Internuclear distance is D D 20

Fig. 4.3 Snapshots of the electron wave packet recolliding with the molecular core after the
detachment from the H2

C ion by laser pulse (4.7) for different internuclear distances: (a)D D 14,
(b) D D 20, and (c) D D 28. Molecular axis is parallel to the laser field .� D 0ı/

Figure 4.2 presents the results for three different orientations of the molecular
axis: (a) � D 90ı, (b) � D 45ı, and (c) � D 0ı. The molecule is stretched to the
internuclear distance D D 20.

Snapshots shown in Fig. 4.3 correspond to three different internuclear dis-
tances in H2

C aligned parallel to the electric field: (a) D D 14, (b) D D 20, and
(c) D D 28.
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The electron wave-packet evolution begins from the detachment of two separate
wave packets emanating from the vicinity of two different nuclei. Later on, when
these sub-packets start to overlap, the quantum interference fringes arise which are
tilted at angle 90ı � ™ with respect to z axis. The fringe separation depends on the
internuclear distance – see Fig. 4.3. More specifically, it is inversely proportional
to D (see below).

In each case shown here, a spatial envelope of the whole wave packet is roughly
the same, replicating in general terms the shape of the wave packet for the case of
BSI of an atom (cf. Fig. 2 of [32]). However, the distinctive feature of the wave
packet for the case of a stretched molecule is that the electron probability distribu-
tion is sliced, because of the two-center interference, and both the arrangement of
slices and fineness of slicing are of great consequences to both the dipole response
and the harmonic emission spectrum.

In accordance with (4.4), space modulation of a free-electron wave packet
(Figs. 4.2 and 4.3) is mapped onto the temporal modulation of the induced dipole
acceleration (Fig. 4.4). Figure 4.4 plots the time profile of the molecular dipole
response within the time interval corresponding to the excitation of an attosecond
burst during the electron recollision with the parent ion.

For perpendicular orientation of the molecular axis, the longitudinal profile of
the wave packet is as smooth as in the atomic case. Hense, the dipole response is
smooth as well (Fig. 4.4, black line), being also atomic-like (cf. Fig. 4a of [10]).
As a result of this smoothness, the emission spectrum steadily decreases with the
harmonic order (Fig. 4.5a, black solid line), in good agreement with the calculation
for the hydrogen atom (cf. Fig. 5 of [13]).

For parallel orientation of the axis, the longitudinal spatial structure of the
electron wave packet is quasi-periodical that is reflected in a regular temporal mod-
ulation of the dipole response (Fig. 4.4, dashed line). For a more strongly stretched
molecule (Fig. 4.4b), this modulation is faster, because of a finer slicing of the

Fig. 4.4 Time profile of the attosecond burst in the polarization response of H2
C ion for the

cases of parallel (dashed line) and perpendicular (solid line) orientation of the molecular axis.
Internuclear distance is (a) D D 14 and (b) D D 29
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Fig. 4.5 Harmonic spectra of H2
C ion driven by laser pulse (4.7) for (a) various orientations of the

molecular axis (internuclear distance D D 29) and (b) various internuclear distances (orientation
angle � D 0ı)

wave packet. As a result of this quasi-periodical temporal modulation of the dipole
response, a pronounced maximum appears in the emission spectrum. This maxi-
mum shifts toward shorter wavelengths with decreasing molecular orientation angle
(Fig. 4.5a). A similar shift is observed with increasing nuclear separation (Fig. 4.5b).

It should be mentioned that the blue shifting of the maximum of the emis-
sion spectrum with decreasing angle � (Fig. 4.5a) is accompanied by a significant
increase of the harmonic yield. This can be explained by the fact that, for orientation
angle closer to � D 0ı, the parts of the wave packet aimed directly at the nuclei are
of higher density, see Fig. 4.2.

It is important to emphasize that, according to the data presented in Fig. 4.5, the
mechanism discussed here provides an enhancement of the harmonic yield in the
range around 3 nm (i.e., in the “water window”) by at least eight orders of magnitude
as compared to the atomic case. It follows from Fig. 4.4 that this short-wavelength
radiation is temporally confined to about 100 as.

4.3.2 Theory

The positions of the interference maxima in the harmonic spectra discussed above
can be found analytically as follows.

If the internuclear distance is large enough as compared with the Bohr radius, the
molecular ground state ‰M

0 can be represented as a linear combination of atomic
orbitals in its simplest form:

‰M
0 .r;D/ D 1p

2

�
‰a

0.r C D=2/C‰a
0.r � D=2/

�
; (4.8)
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where ‰a
0.r/ is the hydrogen ground state and the overlap integral between the

two atomic orbitals is neglected; D D R1 � R2 (Ri is the radius-vector of the i th
nucleus). Further, we adopt the simplifying assumption that the electron wave packet
remains undistorted until the instant of barrier-suppression ionization, after which
time the electron becomes completely free from the atomic potential [8, 10, 13].
Under this assumption, the time evolution of the atomic electron wave packet can be
described as a free evolution of a radially symmetric function (in the center-of-mass
system of the wave packet) as follows [10, 40]:

‰a .r; t/ D � 2i

r
p
2�it

exp

�
ir2

2t

� 1Z

0

x‰a .x; 0/ exp

�
ix2

2t

�
sin
� rx

t

�
d x: (4.9)

Taking into account strong localization of the atomic ground state, for large t (much
larger than atomic unit) one can use the stationary phase approximation by setting
exp

�
ix2=2t

	 � 1 in the integrand of (4.9). Equation (4.9) can be then represented as

‰a .r; t / D i5=2 exp

�
ir2

2t

�
j‰a .r; t /j (4.10)

By analogy with (4.8), the molecular free-electron wave function can be written as

‰M.r; t/ D i5=2

p
2

�
exp.ir1

2=2t/ j‰a.r1; t/j C exp.ir2
2=2t/ j‰a.r2; t/j

�
; (4.11)

where ri and r are the radius-vectors of the electron relative to the center of mass of
i th sub-packet and of the whole wave packet, respectively. Since at large t the two
sub-packets get overlapped, we have

j‰a.r1; t/j � j‰a.r2; t/j � j‰a.r; t/j : (4.12)

From (4.11) and (4.12), we obtain

ˇ
ˇ
ˇ‰M .r; t/

ˇ
ˇ
ˇ
2 D j‰a.r; t/j2

2

ˇ
ˇexp.ir1

2=2t/C exp.ir2
2=2t/

ˇ
ˇ2

D j‰a.r; t/j2
2

Œ1C cos.Dr=t/� : (4.13)

The molecular free-electron wave packet is thus spatially modulated with the
modulation period

ƒ D 2  �=D; (4.14)
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where � is the electron excursion time. This spatial modulation results in the
temporal modulation of the attosecond burst (see Fig. 4.4) at a frequency

� D 2 V cos �=ƒ D VD cos �=�; (4.15)

where V is the electron velocity upon recollision. As a result, the interference max-
imum in the harmonic spectrum appears whose position is determined by (4.15).
Therefore, changing � orD values by producing, for example, molecular rotational,
vibrational, or dissociative wave packet enables one to control the spectral content
of the attosecond pulse. Since V and � values are field-dependent, the emission
spectrum can also be controlled by changing the laser pulse shape.

The examples given above show high-efficiency production of photons with the
energy up to 0.5 keV. Moreover, (4.15) gives an idea of how to extend the harmonic
emission well into the keV regime. For � D 400 nm, taking into account that � <
T � 55.D 1:333 fs, see Fig. 4.4) and V < c D 137 we obtain that for a molecule
stretched to D D 30 the photons with the energy of about 3 keV can be generated.

Figure 4.6 demonstrates wide-range tunability of attosecond radiation via manip-
ulations of rotational and vibrational degrees of freedom of a molecule. This figure
plots the harmonic intensities at the .!; �/ and .!;D/ planes for the case of
ionization of H2

C by laser pulse (4.7).
From the comparison of (4.15) with Fig. 4.6, we conclude that the cosine

dependence on � and the linear dependence on D of the central frequency of the
interference maximum in the harmonic spectrum, which follow from our analyt-
ical approach, agree perfectly with the numerical results shown in Fig. 4.6a, b,
respectively.

All means mentioned above can be used not only for the tuning of the carrier
frequency of the attosecond pulse but also for a more general spectral shaping of the
harmonic field [12].

Fig. 4.6 Harmonic intensities for a stretched H2
C ion plotted (a) at the .!; �/ plane (internuclear

distance D D 29) and (b) at the .!;D/ plane (orientation angle � D 0ı)
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4.4 Quantum Interference in Ionization of Stretched Molecules:
Application to the Molecular Dynamic Imaging

It should be emphasized that strong bond-length and orientation dependence of
the emission spectrum of a stretched molecule due to the quantum interference
effect discussed above can be used in reverse, i.e. for probing molecular vibration-
rotational dynamics. Particularly, Fig. 4.5b suggests that using an intense ultrashort
laser pulse as a probe, one can monitor the early (“particle-like” – see, e.g., [32])
stage of the molecular wave-packet evolution during vibration or dissociation by
analyzing the pump-probe time-delay dependence of the high harmonic spectra.
This possibility can provide a new item for the toolbox of the molecular dynamic
imaging [26, 28]. Because of the 100 as duration of the underlying electron recol-
lision process, the changes of the molecular configuration during the probing are
negligible. Therefore, the resulting harmonic signal, in fact, bears the imprint of the
instantaneous molecular structure.

4.5 Conclusions

Our study shows that quantum interference in ionization of excited molecules by
ultraintense laser field can be exploited efficiently for both the X-ray spectra control
and molecular dynamic imaging. In the regime discussed, the shape of the rec-
olliding electron wave packet is extremely sensitive to molecular alignment and
internuclear separation. It results in increasing by several orders of magnitude the
efficiency of laser pulse energy conversion to high-order harmonics with the photon
energies reaching 1 keV and tuning their spectra over a wide range within the soft
X-ray band. High sensitivity of HHG spectra to the molecular configuration offers
the opportunities for ultrafast dynamic imaging of molecules.
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Chapter 5
Single Isolated Attosecond Pulses Generation
with Double Optical Gating

Ximao Feng, Steve Gilbertson, Hiroki Mashiko, Sabih Khan, He Wang,
Michael Chini, Yi Wu, and Zenghu Chang

Abstract Isolated attosecond pulses are powerful tools for exploring electron dyna-
mics in matter. We proposed and demonstrated a technique called generalized
double optical gating for generating isolated attosecond pulses. The double opti-
cal gating scheme, relaxing the stringent requirement on laser pulse duration from
�5 fs to pulse duration close to the amplifier output, would make attophysics more
accessible to many laboratories that are capable of producing such multicycle laser
pulses. The isolated attosecond pulses were measured by reconstructing the streaked
photoelectron spectrogram. The same setup was used to trace the spatial profile of
a femtosecond Bessel beam, which serves as a demonstration of attosecond pulse
applications. We also review a technique for stabilizing the carrier-envelope phase
of grating-based laser amplifiers, which controls the grating separation. The phase-
stabilized lasers are required for generating isolated attosecond pulses with double
optical gating as well as other schemes.

5.1 Introduction

Ever since single isolated attosecond (as) pulses first became available in 2001
[1], they have been used in a variety of applications such as studying the ultrafast
electron dynamics in gaseous atoms [2–4], in molecules [5], and in condensed-
matter systems [6]. Direct measurement and control of electron motion using such
pulses is key to furthering our understanding of matter on as-yet unprecedented time
scales. However, until now there are still only a few laboratories that can produce
such pulses. The stringent requirement of few-cycle near infrared (NIR) pulses on
the input laser is one of the main hurdles in preventing the quick spread of the
attosecond physics.
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There are techniques that have been successful at attosecond pulse generation.
The shortest isolated pulses of 80 as were produced with amplitude gating by <4 fs
(femtosecond) laser pulses [7]. Isolated pulses were also produced with polarization
gating (PG) [8, 9], having pulse durations of 130 as generated from 5 fs laser pulses
[10]. Several ideas have been proposed to generate single isolated attosecond pulses
with long pulse lasers because they are easier to access. For example, it has been
proposed to mix a weak second harmonic wave with a linearly polarized fundamen-
tal field as in [11], so that a continuum spectrum in the cutoff can be generated with
multiple-cycle two-color field [12]. It was predicted that a relatively long attosecond
pulse 300–500 as duration would be generated because the discrete harmonic peaks
in the plateau region of the spectrum cannot be used. In some other gating schemes,
the continuum has been observed experimentally whereas the pulse duration is yet
to be measured [13–16]. The requirement of carrier-envelope phase (CEP) stabi-
lized driving lasers with pulse durations of 5 fs or less is one of the main obstacles
which has prevented the rapid spreading of attosecond optical technologies. Here,
we introduce our technique, called double optical gating (DOG), with which we can
generate single attosecond pulses with multiple cycle laser pulses. Therefore, the
threshold for accessing the single attosecond pulse world is lower. We expect our
technique would allow more and more laboratories to be able to generate and use
single attosecond pulse.

In this review chapter, we first present the fundamental principle of DOG in
Sect. 5.2. Results about carrier-envelope phase stabilization of the beams from
amplifier and hollow-core fiber are reviewed in Sect. 5.3. Then we introduce our
experimental setup for generating, optimizing, characterizing, and utilizing these
extreme ultraviolet (XUV) pulses generated with DOG (Sect. 5.4). In Sect. 5.5,
properties of the single attosecond pulses generated with DOG and a generalized
version of DOD (GDOG) are shown, which include the photon flux, the pulse dura-
tion, and pre-/post-pulse magnitude. Also, we show our results about how the input
pulse duration and different gating methods affect the generated XUV pulse proper-
ties. Then we discuss our retrieval algorithm for characterizing the attosecond pulses
(Sect. 5.6). In Sect. 5.7, we use the single attosecond pulses to measure the spatial
profile of the Bessel beam. Finally, Sect. 5.8 summarizes this chapter.

5.2 Principle of Double Optical Gating

A train of attosecond pulses can be generated when atoms are driven by laser pulses
containing multiple optical cycles [17]. The separation between adjacent pulses is
half an optical cycle, which is 1.3 fs for Ti:Sapphire lasers, as shown in Fig. 5.1a.
When a second harmonic (SH) field is superimposed on the fundamental laser field,
the electric field symmetry is broken. As a result, the spacing between the adja-
cent attosecond bursts is a full fundamental cycle, as shown in Fig. 5.1b [11]. DOG
combines two different gating methods: two-color gating and polarization gating.
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Fig. 5.1 (a) The attosecond pulse train generated with a laser field containing many cycles. The
attosecond pulses are separated by one half of a laser cycle. (b) When a second harmonic field
is added to the fundamental wave, the pulse spacing is a full fundamental wave cycle. (c) In the
polarization gating, an optical gate (within the two vertical dashed lines) of one half of an optical
cycle is applied to extract one attosecond pulse. (d) In the double optical gating, the gate width is
twice of that for polarization gating

5.2.1 Two-Color Gating

In two-color gating, a weak second harmonic field (�20% of the fundamental ampli-
tude), with polarization direction the same as the driving field, is superimposed on
the fundamental laser field to break the symmetry of the driving field. The rela-
tive phase between the two fields is chosen such that the ionization rate difference
between the two adjacent field maxima differs by more than two orders of magni-
tude. Electrons are essentially only ionized within only one half of an optical cycle
of the field. As a result, when the combined laser pulse is focused on a gas target, the
spacing between the adjacent attosecond pulses is a full optical cycle, i.e., 2.6 fs for
Ti:Sapphire lasers, as shown in Fig. 5.1b. The two-color gating used here is closely
related to the technique demonstrated in [11, 13].

5.2.2 Polarization Gating

Polarization gating takes advantage of the feature that high-harmonic generation
highly depends on the ellipticity of the electric field [18]. The laser pulse used
for polarization gating is usually a combination of two counter-rotating, circularly
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polarized laser pulses with a proper delay [9, 19]. When the width of the linear
portion equals or is less than the spacing between adjacent attosecond pulses in
the pulse train, only one attosecond pulse can be generated, as shown in Fig. 5.1c.
Experimentally, the pump pulse is formed by splitting a linearly polarized laser
pulse into two perpendicularly polarized fields with a birefringent plate [9, 20]. A
delay between the two pulses is introduced as the difference in the group veloc-
ity along and perpendicular to the optic axis of the plate. The pulses are then
converted to circularly polarized pulses with a quarter-wave plate and result in a
combined pulse with a time-dependent ellipticity. The final pulse can be decom-
posed to two perpendicular components called the driving and gating fields, which
can be expressed as [21]:

Edriving.t/ D E0Œe�2ln.2/.
t�Td =2

�p
/2 C e�2ln.2/.

tCTd =2

�p
/2

� cos.!0t C �CE/; (5.1)

Egating.t/ D E0Œe�2ln.2/.
t�Td =2

�p
/2 � e�2ln.2/.

tCTd =2

�p
/2

� sin.!0t C �CE/; (5.2)

where E0 is the peak field amplitude, Td is the delay, !0 is the carrier frequency, �p

is the laser duration, and �CE is the carrier-envelope phase.
These two components create a time-dependent ellipticity which can be expressed

as:

�.t/ D
ˇ
ˇ
ˇ1 � e�4ln.2/.Td =�2

p/t
ˇ
ˇ
ˇ

1 C e�4ln.2/.Td =�2
p/t

: (5.3)

The gating can be applied with ellipticity modulated pulses. The ellipticity of the
pulse changes from circular to linear and finally back to circular. The center portion
of the pump pulse where the ellipticity is less than a certain value (e.g., � D 0:2) is
defined as the polarization gate [21,22]. With �th D 0:2, the intensity of attosecond
pulses generated outside of the gate is expected to be at least ten times lower than
that of the isolated main pulse, and the polarization gate width can be estimated by
the expression [21]

ıt D 0:3�2
p=Td : (5.4)

To generate single isolated attosecond pulses, the gate width should be narrower
than the spacing between two adjacent attosecond pulses. As an example, in
Fig. 5.1c, the two vertical dashed lines show a gate width of about half of the optical
cycle.

However, if the laser pulse is too long, the ground state of the atoms will be
depleted by the leading edge, leaving no atoms to emit harmonics within the polar-
ization gate. The ionization probability of argon and neon atoms as a function of
the pulse duration for PG, calculated with the Ammosov–Delone–Krainov (ADK)
model [23], are shown in Fig. 5.2. In all the calculations, the laser intensity at the
gate is set to be 2:8 � 1014 W cm�2. From the figure, one can see that for argon
and neon gases in the PG configuration, the upper limit of the usable input pulse
durations are around 8 and 10 fs, respectively.
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Fig. 5.2 Comparison of ionization probability of argon and neon at the center of the polarization
gate as a function of pulse duration for three different gating methods: PG, DOG, GDOG

5.2.3 DOG

To generate single attosecond pulses with longer fundamental pulses, we proposed
the double optical gating (DOG) scheme, combining two-color gating and polar-
ization gating. When an SH field is added to the laser field for polarization gating,
the polarization gate width can be doubled since the attosecond pulse separation
becomes one optical cycle due to the effect of two-color gating, as illustrated in
Fig. 5.1d. The wider gate width allows the use of longer circularly polarized lasers
without decreasing the ground state population of the target by the leading edge of
the laser [15].

In DOG, the gating field has the same expression as that for PG. However, due
to the added second harmonic field, the driving field should be written as [24]:

Edriving.t/ D E0

��
e�2ln.2/.

t�Td =2

�p
/2 C e�2ln.2/.

tCTd =2

�p
/2
�
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Ca!;2!e�2ln.2/.
Td =2

�p
/2

e�2ln.2/. t
�2!

/2

cos.2!0t C 2�CE C �!;2!/

�
;

(5.5)

where a!;2! is the ratio between the SH and the fundamental, �2! stands for the
pulse duration of SH, and �!;2! represents the phase difference between the SH
and the fundamental.
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Fig. 5.3 Attosecond pulses generated by four different types of laser fields. From bottom panel to
the top: one color, conventional polarization gating, two color, and double optical gating

The numerical simulations of attosecond pulses spectra generated with argon
gas with different gating schemes are shown in Fig. 5.3 for comparison [24]. When
high harmonics are generated from argon gas with a 10 fs linearly polarized single-
color laser, a train of eight attosecond pulses are generated, as shown in the bottom
panel of Fig. 5.3a. The number of pulses is reduced to three with the conventional
polarization gating where the delay, Td is assumed to be 12.5 fs. The separation
between the pulses is the same as with linear polarized pump pulses, i.e., one half
of the optical cycle. When a second harmonic (SH) field is added to the linearly
polarized one-color electric field, the spacing between attosecond pulses in the train
is a full fundamental wave cycle. In the calculation, the amplitude ratio, a!;2! , of the
SH field is set to be 15% of the fundamental wave, and the duration of the linearly
polarized second harmonic field, �2! , is set to be 25 fs. In the double optical gating
case, the SH field is added to the driving field of the polarization gating pulse, which
turns off the two satellite pulses left by the polarization gating. As a result, only a
single attosecond pulse is generated from double optical gating, as shown in the top
panel of Fig. 5.3, corresponding to a supercontinuum in the spectrum domain.

5.2.4 GDOG

To extend the duration of the input fundamental pulse close to the duration of the
amplifier output, we need to reduce the ground state population depletion from the
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leading edge of the laser pulse even further. A generalized version of the double
optical gating can serve this purpose. Compared with DOG, the GDOG has a polar-
ization gating field with two counter-rotating elliptically polarized pulses with an
ellipticity, " [14, 25] and a delay Td , which is a generalization of double optical
gating. In this case, the driving field of GDOG can be expressed as:

Edriving.t/ D E0
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�
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�p
/2

e�2ln.2/. t
�2!

/2

cos.2!0t C 2�CE C �!;2!/

�
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(5.6)

and the polarization gate width, ıt , can be expressed as [21]

ıt D 0:3"�2
p=Td : (5.7)

By comparing (5.5) and (5.6), one can see that DOG is just a special case (" D 1) of
GDOG. In both DOG and GDOG cases, for the generation of single isolated pulses,
the gate width, ıt , should be equal to or less than one optical cycle, which is �2.6 fs
for Ti:Sapphire lasers. Therefore, to set the gate width to be one optical cycle for
a given laser pulse duration, the ellipticity and the delay must have the following
relation: �

Td
� 1

0:3
T0

�2
p

D 8:1

�2
p

. As an example, for 20 fs lasers, one optical cycle can

be set with two different combinations, i.e., " D 1 (DOG) and Td ' 48 fs or " D 0:5

(GDOG) and Td ' 24 fs as shown in Fig. 5.4a, b. The driving field amplitude inside
the gate was kept the same for the two cases.

The ionization probability of argon and neon atoms as a function of the pulse
duration for DOG and GDOG are also shown in Fig. 5.2. In the GDOG case,
because the field strength before the gate is lower, 20 fs laser input can still generate

Fig. 5.4 Comparison of laser field components in DOG (a) and GDOG (b) with one optical cycle
of gate width. In both (a) and (b), the driving field and gating field are plotted in the solid line and
dashed line, respectively, and the ellipticity is plotted in the dash-dot line
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attosecond pulses from argon gas, while for neon, the upper limit is 30 fs. Thus,
longer lasers can be used for smaller ". However, if the " is too small, attosecond
pulses are generated outside of the gate [25].

5.3 Carrier-Envelope Phase Stabilization of Oscillator,
Amplifier and Hollow-Core Fiber Beams

The carrier-envelope phase (CEP) of a laser pulse affects a variety of high field
processes such as above-threshold ionization (ATI) and high-order harmonic gener-
ation (HHG) due to the fast variation of the electric field within the pulse envelope
[26,27]. The CEP can affect the high-order harmonic generation process even when
the excitation laser is long [28]. Therefore, in producing and utilizing the single
attosecond pulses, the CEP of the laser oscillator must be locked, and any CEP drift
through the amplification process and in the hollow-core fiber and the chirped mir-
rors must be corrected. In this section, we introduce our results of CEP stabilization
through the above-mentioned stages.

The laser setup with CEP drift measurement and stabilization is shown in Fig. 5.5
[29]. The CEP of the pulses from the laser oscillator was locked by using an f-to-2f
and locking electronics, which sent a correction signal to an AOM in the pump laser

FM
G G

Stretcher

PC

f-to-2f and
PCF setup

Pump Laser

Verdi VI
Laser

AOM
Ti:Sa Laser
Oscillator

14-Pass
Amplifier

Pump Laser

Locking
Electronics

Computer
CE Phase
Algorithm

In-loop
f-to-2f

PZT
Drivier

Compressor

BS2

 PZT

Fig. 5.5 Laser system with CEP drift measurement and stabilization
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Fig. 5.6 Stabilized CEP drift of the amplifier beam [33]

path [30, 31]. By changing the pump power, the CEP of the oscillator beam was
stabilized. Similarly, the 10% of the output of the amplified laser pulse train was
split by a beamsplitter (BS2), and sent to the f-to-2f, which here is called the in-
loop f-to-2f. The interference of the components in the frequency domain resulted
in a fringe pattern, which was collected by the spectrometer and sent to a computer
to obtain the pulse-to-pulse shift of the CEP using a well-known algorithm called
Fourier Transform Spectral Interferometry [32]. The error signal was sent as a feed-
back to a PZT driver, which provided the driving voltage for the PZT in the stretcher
[33–35]. By changing the stretcher-grating separation, the phase drift is corrected.
Compared with the material-based stretchers and compressors, the grating-based
stretchers and compressors, which is our case, can scale the CEP-stabilized ampli-
fiers to higher energies. Furthermore, by changing the stretcher-grating separation
with an attached PZT, we can easily control the relative phase without causing
apparent extra vibration.

A typical amplifier beam phase drift curve was shown in Fig. 5.6 when both the
oscillator and the amplifier are CEP stabilized. In the figure, the rms error of the
CEP drift was 179 mrad.

For high harmonic generation, few cycle pulses are sometimes needed. There-
fore, we also studied the CEP variation after the hollow-core fiber [36, 37]. In the
experiment, the CEP-stabilized pulses from the laser oscillator were amplified using
the KLS amplifier. 2.2 mJ of the amplifier output with CEP stabilization was focused
into a �1 m long hollow-core fiber filled with neon gas at a pressure of 3 bars. The
output of the fiber was collimated by a focusing mirror and sent to a set of chirped
mirrors for temporal compression. The output pulses from the fiber had energy of
1.2 mJ. An f-to-2f interferometer was placed after the fiber to measure the CEP sta-
bility of the pulses. The power-locking system [38] gave a power stability of 0.6%
before the fiber. The CEP was locked to 189 mrad rms error before the fiber. After
the fiber, the measured CEP error was 370 mrad rms. The increased CEP fluctuation
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Fig. 5.7 Stabilized CEP drift before (a) and after (b) the hollow-core fiber [36]

mainly comes from the power fluctuation of the seeding laser [37]. The input CEP
and output CEP for the fiber are plotted in Fig. 5.7. This CEP error was sufficiently
small for use in the attosecond pulse generation.

5.4 Experimental Setup

The DOG experiments were performed with two different setups. The first one is a
XUV-grating spectrometer used for collecting the spectra of the single XUV pulses.
The second setup is a attosecond streak camera used for characterizing the XUV
pulse with pump-probe streaking technique, and for utilizing the generated single
attosecond pulses to study the electron dynamics.

The laser system used in these experiments, the Kansas Light Source, con-
sisted of a Ti:Sapphire oscillator and a 14 pass liquid nitrogen cooled Ti:Sapphire
chirped-pulse amplifier utilizing a grating-based stretcher and compressor [39]. This
system produces 35 fs, 2.5 mJ pulses centered at 790 nm and with a repetition rate
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of 1 or 1.5 kHz. The average power of the laser can be locked within 0.5% [38]. The
CEP stabilization of the oscillator was accomplished by the self-referencing tech-
nique [30,31]. The slow CEP drift from the amplifier was compensated by feedback
control of the grating separation in the stretcher [33–35] (for details, see Sect. 5.3).
The short pulses were obtained by spectrally broadening the input pulses with a gas
filled hollow-core fiber and then temporally compressing them with a set of chirped
mirrors. These shortened pulses could then be used with the DOG or GDOG optics.

5.4.1 DOG/GDOG Optics

The GDOG optics are constructed by two birefringent quartz plates (QP1 and QP2),
one Brewster window (BW) and a barium borate (BBO) crystal as shown in Fig. 5.8
[16, 40]. The time delay between the two counter-rotating pulses is determined by
the first plate thickness. The Brewster window rejects about 50% of the driving field,
while leaves the gating field unchanged. The optical axis of the second quartz plate
and the BBO are aligned in the same direction as the polarization of the beam from
the fiber. They work together as a quarter wave plate and convert the two pulses
from the first quartz plate into an ellipticity modulated pulse, similar to PG pulse.
The BBO crystal generates the second harmonic (SH) field that is superimposed on
the PG field for DOG. Without the Brewster window, the two quartz plates and the
BBO together give the electric field of DOG.

5.4.2 XUV Grating Spectrometer

Figure 5.9 shows a schematic of the XUV-grating spectrometer. After the DOG
optics, a focusing mirror (FM) with focal length of 400 mm was used to focus the
laser beam on the gas cell (GC) to generate high harmonics [16, 40]. The generated
harmonics passed through an aluminum filter (Al) with 200 nm thickness. The pho-
ton flux could either be measured by an XUV photodiode (IRD Inc., AXUV-100),
or by a spectrometer with a toroidal grating [41]. This setup allowed only for the
spectral characterization of the attosecond pulses. To temporally characterize the
pulses, we used an attosecond streaking camera.

    

             

~50
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QP1 QP2BW BBO

45o

Fig. 5.8 Schematic of the optics in GDOG. In the case of DOG, the Brewster window is not used
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Fig. 5.9 Schematic of the grating spectrometer measuring the single attosecond pulse spectrum
generated with GDOG technique. In the DOG case, the Brewster window is not used [40]

5.4.3 Attosecond Streak Camera

The experimental setup of the attosecond streak camera used for generating and
measuring single attosecond pulses is shown in Fig. 5.10 [42]. The incoming Ti:
Sapphire laser beam was split into two, one (17%) used for streaking and the other
(83%) for high-harmonic generation. One beam propagated through the GDOG
optics (see Sect. 5.4.1) and was focused by a mirror (FM) onto the argon or neon
gas jet (GJ1) to generate attosecond pulses. An aluminum filter (F) was used to fil-
ter out the fundamental NIR beam and the low-energy XUV beam. The XUV beam
was next focused by the Mo/Si mirror in the center of the two-component mirror
onto the detection gas (GJ2). The other beam, used for streaking, traveled through
a lens (L) and was focused by the annular mirror in the two-component mirror onto
the detection gas. The photoelectron energy was measured by a time-of-flight spec-
trometer (TOF). In the DOG/GDOG experiment, the input pulse duration is 9/20 fs,
and the thickness of the first quartz plate was chosen to set Td to 4/9 laser cycles.

Since a Mach–Zehnder interferometer configuration was used to control the tem-
poral and the spatial overlap of the attosecond XUV field and the near infrared
streaking field, as shown in Fig. 5.10, the interferometer stability had to be con-
trolled. Typically, the stability was locked to 8 as rms using a feedback control.

In order to control the time delay between the XUV pulse and the NIR streak-
ing pulse, a closed-loop piezoelectric transducer (PZT) stage scanned the inner
XUV mirror. The energies of the photoelectrons were measured by a time-of-flight
spectrometer with a position sensitive delay-line detector immersed in a uniform
magnetic field. This field was applied along the flight axis to increase the accep-
tance angle to 28ı. The energy resolution of the setup was better than 0.53 eV for
17 eV electrons. The isolated XUV pulses were measured using the CRAB (Com-
plete Reconstruction of Attosecond Bursts) method based on attosecond streaking
[43, 44].

5.5 Results and Discussion

In this section, we introduce our results of single attosecond pulse generation with
the DOG/GDOG technique, and characterization of these pulses with the pump-
probe streaking method.
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5.5.1 Study of Single Attosecond Pulse Generation with XUV
Grating Spectrometer

With the XUV-grating spectrometer setup, we studied the XUV pulse spectra
dependence on gating schemes, input laser pulse durations, and carrier-envelope
phases.

5.5.1.1 XUV Spectra with Different Gating Schemes

Figure 5.11a shows high-order harmonic spectrum images from argon gas with one-
color (linearly polarized fundamental field only), two-color (a second harmonic field
added to a fundamental field polarized in the same direction), conventional polar-
ization gating, and double optical gating fields [15]. For the cases of PG and DOG,
the estimated effective intensities of the fundamental and second harmonic pulses
inside the gate were 2:8 � 1014 W cm�2 and 7 � 1013 W cm�2, respectively. The
spectra on the long wavelength side were clipped by the detector. As projected by
the numerical calculation in Fig. 5.3, only odd order harmonics are generated by
the 9 fs one-color field, while both even and old orders appeared with the two-color
field. Even though the harmonic peaks are broadened in the polarization gating field,
one can still see the discrete peaks with half optical cycle spacing. In contrast, the
peaks form a supercontinuum in the double optical gating case.

The spectral lineouts of the DOG spectrum and the PG spectrum for delay, Td ,
of 12 fs are shown in Fig. 5.11b. For comparison, the polarization gating spectrum
with a delay of 15 fs is also shown. One can see that although a supercontinuum
can be obtained by conventional polarization gating with larger delay, the spectrum
signal is 20 times lower than that for the double optical gating.

5.5.1.2 XUV Spectra with Different Input Pulse Durations

Single attosecond spectra generated from helium, neon, and argon gases are shown
in Fig. 5.12 [45]. Each gas was tested with four different input pulse durations:
8.2, 9.5, 10.6, and 11.7 fs with corresponding first quartz plate thickness (see
Fig. 5.8) of 270, 350, 440, and 530 �m. In all cases, the second quartz plate thick-
ness was chosen as 180 �m and the BBO crystal thickness was 60 �m. The peak
intensities within the gate for the four different pulses were 1.7, 1.4, 1.1, and
0:9 � 1015 W cm�2.

In the argon spectra (Fig. 5.12), the estimated pulse energies from the 8.2, 9.5,
10.6, and 11.7 fs pulses were 6.5, 3.7, 2.1, and 0.42 nJ, respectively. In the neon
spectra, the measured XUV pulse energies were 170, 100, 60, and 40 pJ from short-
est to longest input pulse durations, respectively. In the helium spectra, the right
edge is the transmission cutoff of the aluminum filter. The XUV pulse energies for
this case were estimated as 45, 33, 25, and 16 pJ. The prominent peak in the helium
spectra around 60 eV corresponds to the He(2s2p) resonance. The decreased signal
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Fig. 5.10 Schematic of generating single attosecond pulses in the GDOG configuration, and char-
acterizing these pulses with XUV-pump and NIR-probe streaking method. In the DOG setup, the
Brewster window does not exist
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Fig. 5.11 Comparison of harmonic spectra generated from argon in different electric fields. (a)
The harmonic spectrum images obtained by four different gating methods. (b) Comparison of
spectra generated from DOG and from PG with two different delays [15]
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Fig. 5.12 DOG spectra of the harmonic supercontinuum generated from He, Ne, and Ar target
gases with four different input pulse durations: 8.2 fs (top-most black line), 9.5 fs (second-highest
dark gray line), 10.6 fs (second-lowest light gray line), and 11.7 fs (lower-most dark gray line) [45]

for the longest pulse durations as compared with the shorter durations stems from
the increased target gas depletion and reduced laser intensity inside the polarization
gate as described earlier. However, the XUV pulse energies from argon are sub-
stantially larger than the values reported earlier from polarization gating using 5 fs
lasers [10].

5.5.1.3 XUV Spectra with Different CEPs

To verify that the supercontinuum results from the DOG field, we investigated the
dependence of the high harmonic spectrum and intensity on the CEP [15]. The
CEP variation was achieved by changing the effective stretcher grating separation
in the laser system [35]. The harmonic spectra with different CEPs were plotted as
Fig. 5.13. The unique 2� periodicity in the harmonic spectra shows the effectiveness
of our gating.

5.5.2 Measurement with CRAB

Figure 5.14a shows the experimental CRAB trace of an attosecond pulse from
GDOG with 20 fs laser pulses. The generation target gas is argon, and the detection
gas is neon. The experimental map is composed of 32 photoelectron spectra, each
of which has a delay of about 300 as between its neighbors. Figure 5.14b shows
the retrieved CRAB trace. Figure 5.14c shows the temporal shape and phase of the
260 as XUV pulse. The frequency marginal comparison shows good agreement as
indicated in Fig. 5.14d. A positive chirp of 7,850 as2 was obtained from the phase.
The XUV pulse energy spans from 29 to 51 eV with the FWHM of about 7 eV.
It should be noted that the XUV spectrum shown in Fig. 5.14d is the result after
being trimmed by the Al filter and Mo/Si mirror from the original XUV source.
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Fig. 5.13 The DOG spectra dependence on the CEP. Left panel: The harmonic spectrum with CEP
scan. Right panel: The normalized integrated signal [15]
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Fig. 5.14 Attosecond XUV pulse generated from argon gas with GDOG using 20 fs laser pulses.
(a) Experimental CRAB trace. (b) Retrieved trace. (c) Retrieved XUV pulse (solid line) and tem-
poral phase (dashed line). The inset shows the temporal profile over a bigger range on a log scale.
(d) Comparison of the measured unstreaked XUV spectrum and the retrieved XUV spectrum (solid
line) accompanied by the retrieved spectral phase [42]
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The minor modulation in the spectrogram was from the attosecond pre-/post-pulses.
However, their intensities were three orders of magnitude lower than the main pulse,
as shown in the inset of Fig. 5.14c. Here, from the reconstructed streaking field the
NIR intensity was estimated to be 2:8 � 1011 W cm�2 at the second gas target. Note
that it is possible to generate sub-100 as isolated pulses with GDOG from 20 or even
25 fs laser if the filter chirp compensation and Mo/Si mirror bandwidth are chosen
appropriately.

As another example, Fig. 5.15 shows the experimental CRAB trace and retrieved
results for single attosecond pulses generated from neon gas with 9 fs input laser
pulses in the DOG method. The format of this figure is the same as that of Fig. 5.14.
Since neon gas can support broad spectrum, the XUV pulse duration is shorter
(136 fs) compared to that generated from argon gas with GDOG (Fig. 5.14). The two
local minima in the energy spectra resulted from the reflectivity of the Mo/Si mirror.
Taking into consideration the complexity of the spectrogram, the agreement between
the FFT of the retrieved XUV pulse and the experimental unstreaked spectrum in
Fig. 5.15d is reasonably good. It is possible to generate sub-100 as isolated pulses
from neon with GDOG from 20 or even 25 fs laser if the filter chirp compensation
and Mo/Si mirror bandwidth are chosen appropriately.
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Fig. 5.15 Attosecond XUV pulse generated with DOG from neon gas using 9 fs input laser pulses.
(a) Experimental CRAB trace. (b) Retrieved trace. (c) Retrieved XUV pulse (solid line) and tem-
poral phase (dotted line). The inset shows the temporal profile over a bigger range on a log scale.
(d) Comparison of the measured unstreaked XUV spectrum (dashed line) and the retrieved XUV
spectrum (solid line) accompanied by the retrieved spectral phase (dotted line)
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5.6 Complete Reconstruction of Attosecond Bursts

The CRAB technique has been previously demonstrated as an effective tool for
the measurement of isolated attosecond pulses [43] and for attosecond pulses with
satellite pulses with half-cycle [46]. In this section, we introduce our study of this
technique applied on DOG/GDOG case, that is, with full-cycle periodicity.

By simulating CRAB traces similar to the experimental condition, we have
studied the effects of the detector resolution, shot noise, NIR intensity variation
within the XUV focus, and delay step size on the retrieved satellite pulses [47]. We
also studied five major factors on the pulse retrieval using PCGPA [48]: the count
rate, streaking speed, the streaking laser intensity variation, the collection angle of
streaked electrons, and the time jitter between the XUV and the streaking field [49].
The main conclusions include:

1. Detector resolution and shot noise: With full-cycle periodicity and relative
intensity of 10�2 and 10�3, if the detector resolution is around 0.5 eV, the satellite
pulse contrast is underestimated by roughly 60%. When shot noise is present, the
satellite pulse contrast can be accurately retrieved when the photoelectron count of
the spectrogram is 50 counts per pixel or greater, as shown in Fig. 5.16. In such
condition, the retrieved pulse duration and linear chirp within 5% of the simulated
pulses [49]. In contrast, our measured spectrogram is usually five times higher than
this.

2. Intensity variation: Our simulation shows that the CRAB retrieval for single
attosecond pulse generated with DOG/GDOG is not very sensitive to the NIR inten-
sity variation within the XUV focus. Even when the XUV spot size is comparable
to the NIR spot size at the focus, the XUV pulse duration and linear chirp can still
be retrieved within an accuracy of 5% [49]. The satellite pulses with full-cycle sepa-
ration are always retrieved within an accuracy of 2% if the XUV focus spot is equal
to or smaller than the NIR spot size.

Fig. 5.16 Retrieved satellite pulse contrast as a function of the peak count number in a spectrum
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3. Minimum streaking field: The minimum streaking field intensity needed for
accurate reconstruction from a noisy CRAB trace can be nearly two orders of mag-
nitude lower than that estimated from the classical streaking model. Such a low
streaking field intensity is desirable to suppress the ATI background. However, for
larger XUV bandwidth, higher streaking intensities are required, which agrees with
the classical prediction qualitatively [49].

4. Delay step: Retrieved satellite pulse contrast for attosecond pulses with full-
cycle separation is always retrieved within ˙4% of the real one if the delay step size
is no bigger than 1,000 as [47].

5. Collection angle: Even when the collection angle is further increased to 90ı,
for which the photoelectrons emitted orthogonally to the streaking laser polarization
direction are also collected, the XUV pulse duration and linear chirp can still be
retrieved within an error of 5%.

6. Time delay jitter: The reconstruction is robust against time jitter between the
XUV and streaking fields. When the delay jitter is �100 as, the XUV pulse duration
and chirp can be retrieved exactly. Even when the delay jitter goes to one quarter of
the NIR laser cycle, the XUV pulse duration can still be retrieved within an error
of 6% and the linear chirp can be retrieved within an error of 10%.

5.7 Experimenting with Single Attosecond Pulses

Owing to their unprecedented short duration, single attosecond pulses open a door
for people to measure and control events that happen on the attosecond scale. The
observation of periodic electric field oscillations of light pulses was first demon-
strated with attosecond extreme ultraviolet (XUV) pulses in [50]. In this section, we
show our measurement of the electric field variations in space and report the first
direct observation of the periodic field direction reversal in the transverse plane of a
Bessel–Gaussian optical beam [51].

Our measurement of the spatial profile of the Bessel beams is based on the pump-
probe principle, which states that the momentum change of the electron by the
electric field is proportional to the vector potential of the field. Since the vector
potential is the integral of the field itself, we can derive the electric field by mea-
suring the momentum change of the electrons. The measured momentum value of a
probing electron placed at point r is

p.r/jtD1 � p0 C e

!0

E0J0.k; r/f .t0/ sin.t0/: (5.8)

In (5.8), e is the charge of the electron, p0 is the momentum of the electron in the
absence of the laser field, and t0 is the time that the probe electron is placed in
the field.

In the experiment, the Bessel–Gaussian spatial profile of the streaking beam was
created when the beam was focused by the Ag coated annular focusing mirror.
Images of the focused NIR beams were captured with a CCD camera, as shown
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Fig. 5.17 CCD image of the
focal spot of the streaking
laser beam after reflection by
the annular mirror [51]

Fig. 5.18 Low panel: The streaked photoelectron spectrum plotted as a function of the radial
position of the streaking beam. Upper panel: The electric field and intensity derived from the
streaked spectrum [51]

in Fig. 5.17. The single attosecond XUV pulses was generated from argon gas with
DOG and measured to be 276 as, which is about one tenth of the fundamental opti-
cal cycle (�2.6 fs), and is therefore short enough for generating the probe electrons.
The same setup for characterizing the attosecond XUV pulse (Fig. 5.4) was used to
measure the electric field distribution of the Bessel–Gaussian beam.

The XUV beam was scanned across the Bessel–Gaussian beam by moving the
lens position in the transverse direction as shown in Fig. 5.10 while the relative
delay between the NIR field and the attosecond pulse was fixed. The bottom panel in
Fig. 5.18 shows the streaked electron spectrum plotted as a function of the transverse
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displacement between the focused streaking beam and the focused XUV beam. As
the streaking beam moves across the XUV, the momenta of the electrons either
shifted above or below the field free value, p0, thereby accurately mapping the
transverse field.

By optimizing the streaking magnitude, one can find the delay position that cor-
responds to f .t0/ D 1, and sin.t0/ D 1, then the electric field value at point r was
determined from .p.r/jtD1 � p0/!0=e. The momentum value was obtained by
finding the centroid of the electron kinetic energy distribution at each spatial point
in the low panel of Fig. 5.18, as shown by the white line. The resultant electric field
and corresponding intensity are shown in the upper panel of Fig. 5.18. Since the
XUV spot size is an important experimental parameter for attosecond pump-probe
experiments, a transverse scan can be used to nonintrusively determine the spatial
size of the XUV beam by de-convolving the streaked spectrogram.

5.8 Conclusion

In conclusion, we have demonstrated that the double optical gating method can be
used to generate single attosecond pulses with a broad range of laser pulse durations
from 8 to 20 fs. From these multicycle laser pulses, we have generated 136–260
single isolated attosecond pulses and measured the pulses unambiguously by the
CRAB method. The generation of isolated attosecond pulses with such long pulse
lasers offers two advantages. First, they are much easier to work with than the frag-
ile �5 fs lasers used in previous attosecond generation experiments. Second, their
energy can be much higher than the few-cycle lasers, which allows the scaling of
isolated attosecond pulses to the energy level needed for studying nonlinear phe-
nomena. Furthermore, 20 fs pulses can be delivered directly from CPAs that are
commercially available [52]. With the generalized double optical gating demon-
strated here, it is conceivable that high-energy single isolated attosecond pulses will
be generated using high-power CPAs directly in the future. As a first application of
our single attosecond pulses, we directly measured the transverse spatial profile of
the electric field of a Bessel–Gauss laser beam. The electric field direction reversal
from one Bessel ring to the next was clearly observed. Together with the previously
demonstrated direct measurement of the electric field oscillation with time [50],
attosecond streak cameras allow the noninvasive full characterization of the light
field in both time and space.
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Chapter 6
Toward the Generation of Isolated Attosecond
Pulses in the Water Window

Ruxin Li, Zhinan Zeng, Pu Zou, Yuxing Leng, Chunmei Zhang,
and Zhizhan Xu

Abstract The coherent attosecond pulse in the water-window spectral region could
be a powerful tool for studying the ultrafast electronic dynamics of biological
samples in water. We propose a scheme to generate isolated attosecond pulses in
water-window region, by exploring the high-order harmonic generation in helium
atoms driven by a multicycle two-color optical field synthesized with an intense
2,000 nm, 20 fs pulse and its detuned frequency doubled pulse. The calculations
show that isolated 67 as pulses in the water-window can be produced in this way.
We also describe how to generate such a driving laser pulse with stabilized carrier-
envelop phase from a two-stage optical parametric amplifier. With a pump source
at 800 nm, the output pulse is tunable from 1.2 to 2:4 �m, and the output average
power is 1.2 W for 1:5–1:7 �m region. Due to the differential frequency process, the
output infrared pulse is self-phase-stabilized.

6.1 Introduction

Isolated extreme ultraviolet attosecond pulses are important for exploring the ultra-
fast electron dynamics in atoms and molecules [1–8]. The most successful way so
far to generate isolated attosecond pulses is the frequency synthesis of high-order
harmonic supercontinuum at the cutoff region driven with laser pulses shorter than
two optical cycles [2]. The attosecond pulse width is limited by the available short-
est driving laser pulse, and it has been difficult to generate attosecond pulses with
duration less than 100 as until a recent breakthrough [8]. Isolated attosecond pulses
have also been generated by employing a polarization gating method [3], which also
requires a few-cycle driving laser pulses.
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c� Springer-Verlag Berlin Heidelberg 2010
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High-order harmonic generation (HHG) driven with two-color laser field does
not require a driving pulse duration of less than two cycles and has been utilized to
generate attosecond pulses [4, 9]. More recently, calculations have been presented
for the generation of isolated attosecond pulses in the multicycle two-color field
[10, 11]. They have shown that the detuning of the second harmonic can be used to
break down the symmetry of the electric field over many optical cycles and provides
a coherent control for the formation of an isolated attosecond pulse. The use of mul-
ticycle driving laser pulses offers the possibility of more intense attosecond XUV
pulses.

For the radiation in the water-window from 4.4 to 2.3 nm (from 280 to 550 eV),
the carbon-containing biological samples absorb efficiently but water is compara-
tively transparent. High-contrast biological spectroscopy in this spectral window has
long been one of the most important objectives of the development of coherent XUV
sources [12]. High-order harmonic emission in water-window with attosecond pulse
duration, is therefore, strongly desired for studying the ultrafast electronic dynam-
ics of biological samples in water. However, the wavelengths of currently available
isolated attosecond pulses are much longer than 10 nm [1–8].

The scaling law for the cutoff energy of HHG as a function of driving laser wave-
length indicates that a longer wavelength infrared (IR) laser pulse will shorten the
wavelength of attosecond pulses with a reduced conversion efficiency. Recently a
scheme for the generation of self-phase-stabilized near-infrared (NIR) laser pulses
was proposed [13].

In this chapter, we will show how the two-color scheme using NIR driving laser
pulses can be used to generate intense isolated attosecond pulse in the water-window
[14]. We will also describe how to generate such a driving laser pulse with sta-
bilized carrier-envelop phase (CEP) from a two-stage optical parametric amplifier
(OPA) [15].

6.2 Generation of Isolated Attosecond Pulses
in the Water Window

We proposed that, a 20 fs/2,000 nm pulse and a detuned frequency-doubled 20 fs/
909 nm pulse, both linearly polarized, are synchronized to form the driving field for
HHG in helium atoms. The HHG calculation method, which is based on the single-
active-electron approximation, has been widely used [2]. The Lewenstein model is
used to calculate the dipole moment of an atom in the nonadiabatic formula [16] and
the high harmonic spectrum can be obtained by Fourier transformation of the time-
dependent dipole moment. The intensities of the fundamental and the frequency-
doubled pulses are assumed to be 2:0 � 1014 W cm�2 and 1:0 � 1014 W cm�2,
respectively. The synthesized laser field is described by:
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Es .t/ D E1 exp
��2 ln.2/t2=�2

1

�
cos.!1t C �1/

CE2 exp
��2 ln.2/t2=�2

2

�
cos.!2t C �2/; (6.1)

where E1 and E2 are the electric field amplitudes of the fundamental and the
frequency-doubled pulses, respectively; !1 and !2 are the angular frequencies of
the two-color pulses; and �1 and �2 are the corresponding pulse durations (FWHM).
�1 and �2 are the corresponding absolute phases.

Figure 6.1a shows the electric field of the fundamental laser pulse. The temporal
profile of the harmonic emission driven with only the fundamental field is showed in
Fig. 6.1b. It is clear that attosecond pulses appear at almost every 0.5 optical cycle. In
Fig. 6.1c, we show the synthesized electric field when an intense detuned frequency-
doubled field .!2 D 2:2!1/ is added to the fundamental field. The temporal profile
of the harmonic emission (from 380 to 400 eV) driven with the two-color field is
presented in Fig. 6.1d. The attosecond pulses with the highest intensity (labeled
by I and II) are separated by about three optical cycles, with some satellite pulses
appearing near the strongest emission. When such a two-color field is employed,
one can overcome the general requirement of the driving laser pulse duration as two
cycles for producing isolated attosecond pulses.

To better understand HHG in a detuned two-color field, we may observe the
harmonic emission in the spectral domain. Significant differences from the single-
color case are revealed. The calculated harmonic spectra generated with single-color
.!1/ and the detuned two-color .!1 C !2/ fields are plotted in Fig. 6.2. The most
pronounced difference between the two spectra is the significant extension of cutoff
energies from 270 eV in the single-color field case to 400 eV in the two-color case.
In addition, the harmonic intensity is increased by about one order of magnitude in
the two-color case. This can be easily understood in the light of the semi-classical
three-step model of HHG [5].

To clarify the role of the shaped laser field in the two-color scheme, the ioniza-
tion and the classical dynamics of electrons are calculated. The results are shown in
Fig. 6.3. Figure 6.3a illustrates the dependence of the kinetic energy on the recom-
bination times in the single-color fundamental field and that in the two-color field.
It is shown that there are two classes of trajectories corresponding to the same
energies of the returning electrons in each half optical cycle for the fundamental
field. The first trajectory, with positive chirp, is called short trajectory, and is char-
acterized by later ionization but earlier emission time; the second trajectory, with
negative chirp, is called long trajectory and displays earlier ionization but with later
recombination time.

In the single-color field case, the recombination of the electron with the par-
ent core will generate harmonic emission with slightly different maximum photon
energy between the two adjacent half fundamental laser cycles. Consequently, the
harmonic supercontinuum with a bandwidth of only 20 eV at the cutoff, can be spec-
trally selected for an isolated attosecond pulse. After the detuned frequency-doubled
pulse is added to the fundamental laser pulse, there are three pairs of trajectories
between 15T0 and 16:2T0 (T0 is the optical cycle of the fundamental field) shown
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Fig. 6.1 (a) Electric field of the fundamental laser pulse (2,000 nm, !1), (b) Temporal profile of
the harmonic emission driven with only the fundamental field, (c) Synthesized electric field for the
fundamental (2,000 nm, !1) and its detuned frequency-doubled harmonic (909 nm, !2 D 2:2!1),
(d) Temporal profile of the harmonic emission selected with a numerical spectral filter ranging
from 380 to 400 eV driven with the synthesized laser field. The relative phase between the two
pulses is �0:3 

by the cross curve in Fig. 6.3a. However, only the trajectories associated to the
peak with highest energy contributes to the generation of supercontinuum with a
bandwidth of 130 eV (from 250 to 380 eV), because the ionization ratio associated
near the peak increases steeply at 15:3T0 shown by the dashed-dotted curve in
Fig. 6.3b. Obviously, the result coincides well with the significant broadening of
XUV supercontinuum (dashed curve) shown in Fig. 6.2.
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Fig. 6.2 The harmonic spectra for helium atoms. The solid curve shows the spectrum generated
with only the fundamental laser field. The dashed curve shows the spectrum generated with the
two-color field. The relative phase between the two pulses is �0:3 

It can be learned from Figs. 6.2 and 6.3 that the extension of the cutoff is con-
sistent with the additional kinetic energy of the returning electron wave packets
provided by the detuned frequency-doubled field. The XUV supercontinuum of
130 eV bandwidth is generated when the relative phase between the two pulses
is �0:3 . In Fig. 6.2, we have noticed that in the dramatically extended plateau
region, the harmonic spectrum shows less intensity modulation than that in the
single-color case where a very large modulation inherently exists [17]. This is the
region where a spectral filter can be applied to isolate an attosecond pulse.

Figure 6.3b shows the electric field of the two-color field (dotted curve), the
ionization ratio [18] (dashed-dotted curve) and the high-order harmonic emission
(solid curve) selected with a numerical spectral filter between 280 and 340 eV, as
functions of time. One can clearly see that the ionization ratio rapidly increases
near the recombination time t D 15:3T0 but keeps constant after t D 17T0. The
ionization ratio at t D 16:2T0 is relatively high, leading to the efficient broadband
harmonic emission as shown in Fig. 6.2. This is consistent with the observation that
the maximum energy of the returning electron appears at t D 16:2T0 as shown in
Fig. 6.3a.

It should be noticed in Fig. 6.3a that the kinetic energy profile consists of several
regular broad peaks separated by about half of an optical period .T0/ in the single-
color case. But the kinetic energy profile becomes irregular with a predominant
peak at t D 16:2T0 in the two-color case. This change indicates that the electron
trajectory has been changed after the detuned frequency-doubled field is added.
Depending upon the instantaneous phase relationship between the fundamental and
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Fig. 6.3 (a) The kinetic energy of a returning electron in the fundamental field .ı/ and in the
two-color field .�/ as a function of the recombination time. (b) The electric field of the two-color
field (dotted curve), the ionization ratio P.t/ (dashed-dotted curve) which is calculated by ADK
theory, and the harmonic emission (solid curve) selected with a numerical spectral filter ranging
from 280 to 340 eV, as functions of time in the two-color field
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Fig. 6.4 The temporal profiles of the attosecond pulses with 60 eV bandwidth, obtained with
(dashed) and without (solid) phase compensation. For comparison, the attosecond pulses generated
by the single-color 20 fs pulse without phase compensation is also shown (dashed-dotted curve)

detuned frequency-doubled fields, the electrons may be accelerated and decelerated
many times. The electron path is correspondingly stretched or shortened, which
induces the returning time of electrons is earlier or later than that in the fundamen-
tal field case. Under certain conditions, only one quantum path gains the highest
increase in kinetic energy while the others do not have any apparent change. In
addition, the full width half maximum (FWHM) of the kinetic energy profile around
t D 16:2T0 is narrower in the two-color case than that of the fundamental field
case, indicating that the average time interval between emissions around t D 16:2T0

decreases and, thus supports a single attosecond pulse with shorter duration.
In the time domain, without employing phase compensation, an XUV supercon-

tinuum from 280 to 340 eV (60 eV bandwidth) can lead to an isolated 67 as pulse
as shown in Fig. 6.4 (the solid curve). If the dispersion is well compensated for
the 60 eV spectral bandwidth, a single 60 as pulse with a clean time profile can
be obtained (the dashed curve in Fig. 6.4). For comparison, we also calculated the
attosecond pulses generated in the single-color fundamental laser field by perform-
ing the inverse Fourier transformation of the XUV supercontinuum with a spectral
bandwidth of 20 eV in the cutoff region without employing phase compensation
(the dashed-dotted curve in Fig. 6.4). Although a main attosecond pulse (peak I) is
produced, two strong satellite pulses, as peak II and peak III, also appear.

To show the importance of frequency detuning for the second harmonic pulse
and the relative phase shift between the two-color pulses, we performed a time-
frequency analysis of the dipole response of the He atom to the four different driving
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Fig. 6.5 Diagrams of the time–frequency distributions of high harmonic emission generated by (a)
the single 20 fs pulse, (b) the combination of a 20 fs, 2,000 nm fundamental pulse and a frequency-
doubled pulse with a relative phase of �0:3 , (c) the combination of the fundamental pulse and
the detuned frequency-doubled pulse with zero phase shift, and (d) with a relative phase shift
of �0:3 . Note that the color scale is in logarithmic unit

laser fields [19, 20]. If the time window around a specific moment is applied to
the dipole acceleration, the spectrum can represent the strength of the dominant
frequencies at that moment. By calculating the spectra with a translation of the time
window, we obtain the time-frequency distribution of the XUV radiation [21]. It
can be seen in Fig. 6.5a that for the HHG produced by the single 20 fs pulse, there
is only a minor difference in the XUV emission peaks signed with B, C, and D.
The bandwidth of the supercontinuum at the cutoff region is very narrow. When
the frequency-doubled pulse is added to the fundamental pulse with relative phase
� D �0:3 , we can see from Fig. 6.5b that the photon energy of the two peaks
labeled with A and C (separated by one optical cycle in time domain) are enhanced
significantly. This illustrates that the symmetry of the electric field is already broken
in the two-color field. When the detuned frequency-doubled pulse is added upon
the fundamental pulse with zero phase shift, only the maximum photon energy and
intensity of peak D in Fig. 6.5c are greatly increased, while those of peak A, B, and C
are decreased. When a relative phase shift of the detuned frequency-doubled pulse of
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� D �0:3  is employed, the intensities of peaks A, B, and D are greatly suppressed,
while the intensity of peak C is further enhanced as shown in Fig. 6.5d, indicating
the electric field symmetry has been broken down further in a larger time window.
From Fig. 6.5a–d, we have shown the progress of isolating one attosecond emission
by controlling the quantum path of a returning electron. It should be pointed out
that this two-color scheme requires the NIR driving pulses with stabilized carrier-
envelope phase.

6.3 Generation of Tunable NIR Laser Pulses
with Stabilized CEP

The different frequency generation (DFG) [21] and the optical parametric amplifica-
tion technique have made it possible to realize the powerful CEP stabilized ultrafast
pulses in the IR regime [22, 23]. The CEP stabilized pulses can be generated from
the DFG process directly and amplified in the following OPA stages. The CEP stabi-
lized 1:5 �m pulses with the energy of up to the millijoule level have been obtained
[22] based on the DFG technique. Driven by the IR CEP stabilized femtosecond
source, the high-order harmonic spectrum with a shorter cutoff wavelength has been
demonstrated [23].

When the pump and the signal pulses are from the same laser source with the
same carrier envelop phase offset, the CEP-stabilized idler pulses can be generated
from the optical parametric amplification process directly [24, 25]. Nevertheless,
owing to the noncollinear phase-matching geometry, the idler beam has a strong
angular dispersion with a large spatial chirp [26].

We have developed a tunable femtosecond OPA in the NIR regime, where the
CEP is stabilized based on the optical parametric amplification process directly
[27]. The maximum parametric conversion efficiency in the final OPA stage is
above 40%, and the tunable range of the OPA output is 1:2–2:4 �m. Under the
total of 6.8 W/1 kHz pump power, approximately 1 W/1 kHz tunable pulses from
1.4 to 1:9 �m have been demonstrated. For the output pulses at 1:8 �m, the CEP
fluctuation is 0.103 rad (rms) in 10 min.

The experimental setup is shown in Fig. 6.6. The tunable CEP stabilized OPA
system consists of three parts: (1) a white light continuum (WLC) generation
stage driven by the Ti:sapphire laser pulses, generating broadband seed pulses;
(2) a Ti:sapphire laser-pumped WLC-seeded IR OPA stage, generating broadband
CEP-stable idler pulses; and (3) a Ti:sapphire laser-pumped IR OPA stage seeded
by the reshaped idler pulses.

The pump laser source is a commercial Ti:sapphire laser system (Coherent
LEGEND-HE-Cryo), providing 10 mJ laser pulses at 800 nm with 1 kHz repetition
rate and approximately 40 fs pulse duration. In the experiment, 6.8 mJ energy is
used to drive the infrared source. The driving pulse is split into three parts with two
beam splitters. A small portion of the driven pulse is used to pump the first non-
collinear OPA stage (OPA1) consisting of a 2-mm-thick ˇ-BaB2O4 (BBO) crystal
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Fig. 6.6 Experimental setup for the generation of self-phase-stabilized IR laser pulses

plate, which is cut for Type I phase matching .� D 21ı; ' D 0ı/. The OPA1 is
seeded by the WLC generated by focusing a fraction pump laser into a 2-mm thick
sapphire plate based on the self phase-modulation process, and the spectrum of the
WLC covers from 0.4 to 2:4 �m. The idler pulse of the OPA1, which is used as the
signal pulse in the second noncollinear OPA stage (OPA2), is self-phase stabilized
due to the DFG process between the pump and the seed laser pulses with the same
carrier phase offset. The OPA2 is a high-energy amplification stage with a 4-mm-
thick BBO plate cut for Type II phase matching .� D 28:5ı; ' D 30ı/, and pumped
by the rest energy of the driven laser. Since the superfluorescent signal will reduce
the laser beam quality, the pump intensities for two OPA stages are controlled to be
100 and 250GW cm�2, respectively.

In NOPA2, the tunable signal pulses can be amplified and the tunable idler pulses
are generated. The idler pulses are tunable from 2.4 to 1:2 �m, as shown in Fig. 6.7a,
and the signal pulses can be tuned from 1.2 to 2:4 �m, as shown in Fig. 6.7b. Due
to the low sensitivity of the spectrometer in mid-infrared region, the spectrum of
signal/idler pulses at 2:4 �m cannot be detected, and we can deduce the wavelength
from the 1:2 �m idler/signal pulses.

The conversion efficiency of the OPA2 is up to 40% as shown in Fig. 6.8. The
maximum total OPA conversion efficiency is 40.2%, when the signal pulse is tuned
to 1:7 �m. With 6.6 W/1 kHz pump pulses in the OPA2, the signal pulses with the
average power of 1.2 W can be obtained for 1:5–1:7 �m region. The OPA output
pulse duration is determined mainly by the pump pulse width. Measured by a single-
shot second-order autocorrelator, the duration of the CEP stabilized output pulses
with the different central wavelengths are about 50 fs.

One of the key issues of the infrared OPA system is how to improve the per-
formance of the idler pulses from the OPA1. First, we choose the near-collinear
configuration for two OPA stages. Although, a noncollinear geometry is used for
OPA stages to facilitate the separation of the beams, we keep the pump-seed angle
in crystal as small as possible by using a dichromatic mirror. The small pump-seed
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a

b

Fig. 6.7 Normalized spectra of the NOPA2 output pulses. (a) The idler pulses spectra with tun-
able central wavelength from 1.2 to 2:2�m, (b) The signal pulses spectra with tunable central
wavelength from 1.2 to 2:2�m

angle leads to a small angular dispersion of the idler beam, which can be neglected
in comparison to its divergence.

Then we reshape the idler pulses from the OPA1 by using a beam filter. The
beam filter is based on a fused silica hollow core fiber with 200�m inner diameter.
The diameter of the incident idler pulse is about 5 mm, and there exists a large
special chirp. In order to match the inner diameter of the fiber filter, the idler beam
is focused into the filter with an f D 150mm lens. The 8 mm-length fiber provides
enough distance for the laser beam mode reshaping. After the fiber filter, the output
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Fig. 6.8 OPA conversion efficiency curve in the final OPA stage with 6.6 mJ pump pulses, the
highest total conversion efficiency up to approximately 40% is at 1:7�m wavelength for the signal
pulses

beam is recollimated by an f D 250mm lens. The total energy loss of the laser
beam filter is about 50%. Using the fiber filter, the spatial chirp of the idler pulses
is greatly reduced and the focused beam profile is improved due to the wave-guide
effect. The measured diameters of the focus for the different central wavelength
pulses are about twice the diffraction limit.

Furthermore, the CEP of the tunable pulses is found to be more stable due to
the improvement the directivity of the output pulses when the fiber filter is used.
We characterized the CEP stability with a homemade f-to-2f interferometer with a
layout similar to [28]. Figure 6.9 shows the f-to-2f interferometric characterization
of the output pulses at 1:8 �m from the OPA source. The figure shows the phase
fluctuations in 10 min measurement and the CEP fluctuation is 0.103 rad (rms).
Comparing to our previous work [25], the CEP fluctuation is reduced obviously
with the fiber filter. The CEP stabilization of the other laser wavelengths was also
demonstrated.

By using the tunable CEP stabilized laser source, we have demonstrated the HHG
in argon gas target. In the experiment, the peak intensity of the 1:8 �m pulse at the
focus is estimated in about 2 � 1014 W cm�2 and a 600-nm-thick Zirconium foil
is placed at the entrance of the XUV spectrometer to block the residual infrared
driving pulses. Figure 6.10 shows the harmonic spectrum generated in argon driven
with the infrared pulses with different central wavelengths. The obtained harmonic
spectrum shows a significant cutoff energy extension in comparison with the cutoff
energy obtained with 0:8 �m driving laser pulses [29–31]. The cutoff is extended
to the wavelength of about 9 nm, with 1.7 and 1:9 �m driving laser pulses. As we
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Fig. 6.9 Lower panel, temporal evolution of the phase-dependent interference pattern acquired
in 10 min. Upper panel, the measured CEP fluctuation with 0.103 rad (rms) for 1:8�m incident
pulses

Fig. 6.10 High-order harmonic spectrum generated in argon driven by laser pulses with different
central wavelengths from 1.6 to 1:9�m
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know, this is the first time that the CEP stabilized laser source based on the optical
parametric amplification technique is used in HHG experiment.

One can find in Fig. 6.10 that the cut-off wavelength of HHG driven by the
1:8 �m laser pulse is longer than that driven by the 1:7 �m laser pulse. It is due
to the lower conversion efficiency of the OPA at 1:8 �m than that at 1:7 �m.

6.4 Conclusions

The high order harmonic generation in helium atoms driven by two-color IR field
has been investigated and the generation of isolated 67 as pulses in the water win-
dow was demonstrated when an appropriate phase shift between two driving pulses
is employed. In addition, this two-color scheme can enhance the XUV emission
intensity by one order of magnitude, which is important for the HHG in an IR field.
For experimental implementation of the proposed scheme, we have developed an IR
driving laser system with a broadband tunable range. The measured minimum CEP
fluctuation of the IR laser pulses is 0.103 rad (rms) in 10 min at 1:8 �m central wave-
length. The tunable range for both the signal and idler pulses is from 1.2 to 2:4 �m
and the output laser power in the tunable region of 1:5–1:7 �m is about 1.2 W. HHG
in argon driven with this tunable CEP-stabilized IR laser source was demonstrated.
Further improvement of the OPA amplifier is in preparation and the experimental
testing of the proposed scheme of water-window attosecond pulse generation is on
the way.
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Chapter 7
High Harmonic Generation by Plasmonic
Enhancement of Femtosecond Pulse Laser

Seungchul Kim, In-Yong Park, Joonhee Choi, and Seung-Woo Kim

Abstract Coherent EUV light is generated directly from a modest femtosecond
laser whose pulse intensity reaches only 1011 W cm�2. This value is in fact two
orders of magnitude lower than the threshold pulse intensity required for high
harmonic generation using noble gases. The key to this achievement is the plas-
monic field enhancement by means of metallic nanostructures fabricated in bow-tie
shape. This method requires no extra cavities for amplification of pulse intensity
and thereby could form the basis to construct laptop-sized coherent EUV sources
for many advanced applications lithographic and high-resolution imaging.

7.1 Introduction

High harmonic generation is a well-known method of generating coherent short
wavelength light in the extreme ultra violet (EUV) and soft X-ray range using ultra-
fast laser pulses [1–3]. Focusing an intense laser pulse onto the gaseous target atom
enables the generation of high harmonics by accelerating outer-bound electrons to
tunnel through the atomic potential barrier with subsequent immediate recombi-
nation of the electrons toward the nucleus. This frequency up-conversion process
requires strong pulse intensities typically more than 1013 W cm�2, which is usu-
ally attained by adopting several sequential stages of chirped pulsed amplification
(CPA) [4, 5]. Each CPA stage requires a long active cavity and a high power pump-
ing source, thereby adding a substantial burden of hardware bulkiness and fragility
in high harmonic generation. Besides, CPA is unavoidably accompanied by reduc-
tion of the pulse repetition rate because the maximum pumping energy is limited
to protect the amplification crystal from thermal damage. The reduced pulse repe-
tition rate results in a too narrowly spaced comb, implying that the generated high
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Fig. 7.1 Conceptual illustration of high harmonic generation by surface plasmon resonance. (Left)
The nanostructure comprising bow-tie elements is illuminated by a femtosecond pulse laser. The
intensity field of the incident laser is enhanced by the plasmonic resonance of the surface electrons
confined within the bow-ties. (Right) The enhanced intensity exceeds the threshold value for high
harmonic generation, so coherent EUV radiation is emitted from the gaseous Ar atom injected on
the bow-ties [8]

harmonics are unable to maintain the original comb structure of the incident fem-
tosecond pulse laser. This problem may be avoided by replacing CPA with an extra
passive cavity configured to directly accumulate the output power of a femtosec-
ond laser oscillator without reduction of the pulse repetition rate [6, 7]. However,
the extra cavity demands special care in design and operation since it should well
match the source oscillator cavity in dispersion and other resonance characteristics.

Here we describe another way of high harmonic generation that permits replac-
ing CPA cavities with compact metallic nanostructures [8]. As illustrated in Fig. 7.1,
the key idea is to exploit the phenomenon of surface plasmon resonance to amplify
the electric field of the incident femtosecond laser pulse. Surface plasmons are the
collective movement of free electrons bound in a metallic nanostructure, which
oscillates or propagates along the surface of a conductor in response to the ambi-
ent electromagnetic wave [9–11]. The metallic nanostructure used here is comprises
gold bow-ties fabricated on a quartz substrate. The electric field around the nanos-
tructure is enhanced by the resonance of localized surface plasmons. The field
enhancement can reach up to 100 times higher than the input intensity [12–14].
This implies that the pulse output intensity of a single femtosecond laser oscillator,
which is merely in the range of 1011 W cm�2, is strong enough to conduct high
harmonic generation. This approach of high harmonic generation offers hardware
compactness and high controllability since neither additional cavity nor pumping
sources are required except a single femtosecond laser oscillator. In addition, no
reduction in the pulse repetition rate is required, so the original comb of the input
laser can be maintained in the generated high harmonics. Furthermore, high harmon-
ics are emitted from point-like sources to be well suited for near-field applications
of microscopy, imaging, and high resolution lithography.

A single bow-tie element in the nanostructure consists of two triangular patches
that face each other tip to tip with a small separation gap in between. Single-tipped
elements such as nanoparticles and nanorods suffer the problem that the enhanced
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laser field rapidly decays in the vicinity of the tip [15, 16]. On the other hand, the
bow-tie element is able to maintain highly enhanced field over the separation gap
between two triangular patches, thereby enabling to provide a large effective area for
high harmonic generation [17, 18]. This advantage can be readily verified by Finite
Difference Time Domain (FDTD) analysis employed in this study to compute the
near-field intensity distribution precisely around the bow-tie nanostructure. FDTD
analysis enables numerical computation of the enhanced electric field with nanome-
ter spatial resolutions while varying the dimension of the bow-tie nanostructure. In
consequence, the effect of the actual tip shape that differs from the ideal shape due
to imperfect fabrication can be precisely examined, which leads to establishment of
the permissible dimensional tolerance on fabricated bow-ties.

7.2 Geometrical Design of Bow-Tie Nanostructure

Figure 7.2 shows the four design parameters characterizing the geometry of the
bow-tie nanostructure; the height .h/, thickness .t/, apex angle .�/, and separation
gap .d/. These design parameters have to be selected to maximize the enhanced
intensity field from the viewpoint of high harmonic generation. For a given set of
design parameters, the corresponding enhanced field can precisely be calculated by
adopting the FDTD method that permits solving the Maxwell equations numerically
in consideration of the bow-tie geometry as well as the ambient conditions includ-
ing the incident laser pulse. The incident laser pulse used in the FDTD simulation
is assumed to be obtained from a Ti:sapphire femtosecond laser oscillator that will
actually be used for the experimental validation to be explained later on. The inci-
dent pulse has an 800-nm carrier wavelength with 10 fs pulse duration. The pulse
is incident normal to the planar surface of the bow-tie, and the polarization direc-
tion is positioned parallel to the line connecting the vertices as depicted in Fig. 7.2.
The bow-tie material is gold (Au) and the complex dielectric constant of gold is
determined by following the modified Debye model [19]. The whole bow-tie nanos-
tructure is divided into 1 nm-sided cubic cells in for 3-D FDTD simulation. The
incremental time-step in numerical computation is selected 1.9 attosecond in consid-
eration of the predetermined size of the cubic cells. The surrounding of the bow-tie
is assumed as vacuum by applying the perfectly matched layer of the free space
boundary condition. For quantitative comparison of the induced field enhancement,
two representative points are selected in the middle thickness layer of the bow-tie:
Center point and Apex point as indicated in Fig. 7.2. The intensity enhancement
factor is computed as the ratio of the enhanced field intensity to the input laser
intensity.

Figure 7.3 illustrates FDTD simulation results computed repeatedly by chang-
ing the four geometrical parameters to determine the intensity enhancement factor
at Center point and Apex point. In the first place, the effect of the height .h/ is
plotted in Fig. 7.3a. The intensity enhancement factor at Apex point reaches a max-
imum of 6,200 when h D 175 nm while it varies from 100 to 215 nm. Other three
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Fig. 7.2 The geometry of FDTD simulation conditions for plasmon resonance enhancement of
the bow-tie nanostructure. Four geometrical parameters (height: h, thickness: t , apex angle: � , and
separation gap: d ) are defined along with the incident wave vector .k/ and polarization .p/ of
the femtosecond laser pulse. Two representative points (apex point and center point) in the middle
thickness layer are selected for comparing the intensity enhancement factor for different design
parameters

parameters are fixed constant; the separation gap is 20 nm, the thickness is 50 nm
and the apex angle is 30ı. Figure 7.3b shows a similar result in which the separa-
tion gap is changed to 40 nm with other two parameters remaining the same, while
FDTD computation is performed by varying the height.

In the case of d D 40 nm as shown in Fig. 7.3b, the intensity enhancement signif-
icantly decreases by about 50% as compared with the previous case of d D 20 nm.
However, its overall variation with height appears to be very similar to that of
Fig. 7.3a with its maximum being at the same height of 175 nm. This implies that the
vibration wavelength of free electrons within the bow-tie induced for the particular
height value matches the carrier wavelength of the incident pulse well. If the carrier
wavelength is taken to be smaller, the intensity enhancement finds its maximum at
longer heights. For instance, FDTD simulation reveals that for a carrier wavelength
of 1,060 nm, maximum enhancement occurs at a height of 220 nm.

The thickness affects field enhancement as shown in Fig. 7.3c. When the thick-
ness is more than 40 nm, surface plasmons confined near the tips of the bow-tie
structure becomes less dense, thereby decreasing field enhancement. If the thick-
ness is too thin, not enough plasmons are concentrated on the tips. Effect of the
apex angle can also be interpreted in a similar way from the simulation result of
Fig. 7.3d. A too narrow or too wide apex angle fails to form a suitable tip volume
for surface plasmons concentration. As shown in Fig. 7.3d, the field enhancement
yields a maximum value when the apex angle is 30ı. Finally, the separation gap
is varied from 10 to 120 nm as shown in Fig. 7.3e. Oscillating plasmons within a
triangular patch interact with other plasmons in the opposite patch. Thus a smaller
gap allows for higher interaction. In practice, there is a minimum gap that can be
fabricated, depending on using the fabrication process.

For high harmonic generation from a femtosecond laser with intensity less than
1011 W cm�2, as attempted in this study, the enhancement factor should be more
than 20 dB. A very high intensity enhancement factor may be achieved over a small
area, but it cannot be a good design if the area is too small. Thus, the total volume
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Fig. 7.3 FDTD simulation results. The intensity enhancement factor vs. design parameters at Cen-
ter point (black line) and Apex point (gray line). (a) Effect of height when separation gap is fixed
at 20 nm. (b) Effect of height when separation gap is 40 nm. (c) Effect of thickness. (d) Effect of
apex angle. (e) Effect of separation gap. Other design parameters except each varying parameter
are fixed as height at 175 nm, apex angle at 30ı, thickness at 50 nm, and separation gap at 20 nm

whose intensity enhancement factor exceeding 20 dB is treated as the performance
index in selecting the optimum combination of the design parameters. For example,
the maximum intensity enhancement becomes higher when the separation gap is set
at 10 nm than the case of 20 nm. However, the total volume of 20 dB for 20 nm gap is
nearly twice that of 10 nm gap. Therefore, more high harmonic generation could be
triggered with 20 nm gap. The optimum selection of the design parameters should
be able to provide the largest value of the 20 dB volume.
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Fig. 7.4 Near field intensity distribution of the suggested bow-tie nanostructure which has a height
of 175 nm, separation gap of 20 nm, apex angle of 30ı, and thickness of 50 nm. The calculated
near-field distribution shows highly enhanced electromagnetic field more than 20 dB within the
60� 50� 50 nm volume .x � y � z/ in the gap between the bow-tie vertices [8]

Among the four design parameters, the height, thickness, and apex angle share
a common trend, each giving the almost identical variation to the 20 dB volume
as well as the intensity enhancement factor. This is not the case for the separation
gap; the largest 20 dB volume is attained when the gap is 20 nm while the maximum
enhancement is when the gap is less than 10 nm. In consideration of all these effects,
the optimum combination of the four design parameters is concluded as the height
of 175 nm, thickness of 50 nm, angle of 30ı, and gap of 20 nm. The corresponding
20 dB volume is finally computed as 60�50�50 nm .x�y � z/ in the gap between
the bow-tie vertices (Fig. 7.4).

FDTD simulation also enables us to determine the temporal variation of the
enhanced field in synchronization to the incident pulse. Figure 7.5 shows two rep-
resentative temporal profiles computed at Center point and Apex point as defined
in Fig. 7.2. Examining the two temporal profiles reveals two important facts: First,
the enhanced profiles are of 90ı phase delay with respect to the incident pulse. This
confirms that our optimal design of the bow-tie nanostructure provides perfect res-
onance of surface plasmons as requested. Second, both the enhanced profiles have
pulse duration longer than that of the original incident pulse, each experiencing a
ringing-down oscillation at its tail. This is a general phenomenon observed in reso-
nance, and the ringing-down oscillation is affected by the damping within the gold
metal bow-tie.

In the aforementioned simulation, the bow-tie was assumed to have an ideal
shape with two perfectly sharp tips, but in practice this is always not the case
due to imperfection of nanofabrication. The focused ion beam process or E-beam
lithography may be used as they are able to provide fine machining resolutions in



7 High Harmonic Generation by Plasmonic Enhancement of Femtosecond Pulse Laser 135

80

60

40

20

0

–20

–40

–60

–80

0 10 20 30 40 50 60 70 80

Time (fs)

E
-f

ie
ld

 (
V

/m
)

Fig. 7.5 Temporal profiles of the plasmonic enhanced near-field at Center point (dark gray) and
apex point (light gray). This simulation reveals a uniform phase delay of 90ı with respect to the
incident pulse. Ringing-down oscillation is observed at the tails of the two profiles.

the nanometer range. Nonetheless, actually fabricated bow-ties yield blunt tips, not
enabling us to achieve the field enhancement originally pursued by the ideal sharp
tip. To know the degrading effect caused by imperfect machining more precisely,
two commonly encountered actual tip shapes are taken into FDTD simulation; one
is the rounded shape and the other is the flat tip as illustrated in Fig. 7.6. Other
geometrical parameters remain identical to the ideal bow-tie nanostructure having
a height of 175 nm, thickness of 50 nm, apex angle of 30ı, and separation gap of
20 nm. This simulation is aimed to find how the two imperfect tips affect the inten-
sity enhancement factor as well as the 20 dB volume. As in the simulation result
plotted in Fig. 7.6a, the intensity enhancement factor at Center point experiences a
slight decrease even though the curvature diameter of the rounded tip significantly
increases. On the other hand, the intensity enhancement factor at Apex point is
much affected following an exponential decrease. This is because the enhancement
at Apex point is contributed by the dense electric flux that strongly depends on the
confinement density of oscillating surface plasmons at the tip end. It is unlikely that
the electric field at Center point will be more influenced by the overall plasmons
interaction between the two tips facing each other within the bow-tie, thus slight
spreading of surface plasmons over the rounded tips is found not very influential
to the enhancement at this location in the middle of the separation gap. It is also
noteworthy that when the curvature diameter of the rounded tip increases to 50 nm,
the 20 dB volume reduces by 40% compared to the ideal tip. Nonetheless, high har-
monic generation is still possible by the remaining 60% of the 20 dB volume. It is
therefore safely concluded that the height and separation gap are more important
parameters than the tip shape. The same tendency is observed in the case of the flat
tip as shown in Fig. 7.6c, d, with the exception that the decaying rate of intensity
enhancement with increase of the flat tip length is slightly larger than the case of the
rounded tip.
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Fig. 7.6 Effects of non-ideal tip shapes on the intensity enhancement capability of the bow-tie
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length

7.3 Fabrication of Bow-Tie Nanostructure

Figure 7.7 shows SEM images of the bow-tie nanostructure fabricated in this study
by the focused ion beam process. The nanostructure is comprises bow-tie elements
arranged in a two-dimensional array. Bow-ties are made on a 400-�m thick sap-
phire wafer, on which a 50 nm gold layer is evaporated on the top of a 5-nm
chromium adhesion layer. The sapphire wafer provides high thermal conductivity,
thereby being able to dissipate heat from the nanostructure when the bow-tie array
is illuminated by a consecutive train of femtosecond laser pulses for high harmonic
generation. The beam acceleration voltage of the used focused ion beam machine
(SMI 3050 TB) is 30 kV along with a 1 pA current and 50�s dwell time. The cur-
rent level is directly related to the focused beam size, so it needs to be set as low
as possible to produce fine structural patterns. The dwell time determines the total
amount of beam scanning, thus it is adjusted to minimize the broadening of the
machined structure due to the beam drift during the focused beam-milling process.
As shown in Fig. 7.7, a total of 30 � 15 bow-ties occupy an area of 10 � 10�m
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Fig. 7.7 SEM images of the fabricated bow-tie nanostructure. (a) The nanostructure occupies a
planar area 10 � 10�m in which 30 � 15 bow-tie elements are accommodated in a 2-D array.
(b) Magnified image of the bow-tie nanostructure. Owing to the high magnification, edge lines are
seen blurred by multiple scattering of electrons in imaging
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Fig. 7.8 FDTD simulation for actual blunt tips. (a) Top view of the induced enhancement for the
flat tip of 20 nm cut length. (b) Top view of the intensity enhancement for the round tip of 10 nm
radius. (c) Side view for the flat tip. (d) Side view for the round tip

on the sapphire substrate, which is approximately the spot diameter of the incident
femtosecond laser.

In the magnified SEM image of Fig. 7.7, the tips and edge lines are seen blurred
due to the multiple scattering of electrons in imaging. By examining the SEM image,
it is estimated that the actual tips can be regarded as a round tip of an effective cur-
vature radius of approximately 10 nm, or as a flat tip of 20 nm cut length. Figure 7.8
shows the result of FDTD analysis performed for these actual tip shapes. In compar-
ison to the case of the perfect tip shown in Fig. 7.4, the simulation result confirms
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that the blunt tips cause no significant reduction in the 20 dB volume. Particularly
the intensity enhancement over the entire separation gap of the bow-tie exceeds
the threshold of 20 dB that is minimally required for the high harmonic generation
intended in this study.

7.4 Experiments of High Harmonic Generation

For high harmonics generation, the fabricated bow-tie nanostructure is located
inside the vacuum chamber as illustrated in Fig. 7.9. Then it is illuminated by the
focused beam of a femtosecond laser through the sapphire substrate. The group
delay dispersion caused by the chamber window, the focusing lens, and the sap-
phire substrate is compensated using a pair of chirped mirrors and a wedge. The
focused beam on the target nanostructure yields a spot diameter of 5�m in FWHM
(full width half maximum), a peak pulse intensity of 3:6 � 1011 W cm�2, and pulse
duration of approximately 12 fs measured by using the optical correlation method.

In the apparatus configured for the high harmonic generation and detection, the
photon multiplier is located at a distance of 469 mm from the varied line spacing
grating that consequently disperses the generated EUV light over the wavelength
range of 22–124 nm. The photon multiplier is mounted on a precision stage that
moves along the dispersing line of the grating. No Al filters are required to block
the incident femtosecond laser, since the used photon multiplier is sensitive to only
high harmonics below 200 nm wavelength. The grating has a narrow acceptance
angle of ˙1:0ı, and provides a 1.0 nm wavelength sampling resolution. To reduce

Femtosecond pulse laser &
Dispersion compensation part

EUV spectrum analysis &
detection part

10 fs mode-locked
Ti:sapphire oscillator

Nanostructure

Vacuum chamber

EUV

0th order beam block

124 nm

22 nm

PM

VLSG

FL

gas jet
CW

M
W

CM2

CM1

Fig. 7.9 Apparatus for high harmonic generation by means of plasmonic resonance using the
bow-tie nanostructure. The whole system is divided into three major parts; A dispersion-controlled
femtosecond pulse laser source, a vacuum chamber to accommodate the nanostructure and the
injecting module of gas jet, and the EUV spectrum detector consisting of a dispersive grating
and a photon multiplier CM, chirped mirror; CW, chamber window; L, focusing lens; M , mirror;
PM, photon multiplier; VLSG, varied-line-spacing grating; W , wedge plate



7 High Harmonic Generation by Plasmonic Enhancement of Femtosecond Pulse Laser 139

Fig. 7.10 High harmonic spectra obtained using plasmonic enhancement by injection of argon (a)
and xenon (b). A varied-line-spacing grating was used to disperse the 22–124 nm wavelength band.
H7, H9, and H21 were collected by moving a photon multiplier in fine steps along the disperse line.
The aperture of photon multiplier was covered by a slit of 1.0 mm width to reduce the convolution
of neighboring harmonic signals. Given the input pulse power of 100 mW, the efficiencies for the
harmonics were different with a type of gas in use. The case of xenon injection shows more efficient
photon emission than that of argon injection

the convolution effect on the measured harmonics, a slit of 1.0 mm width is attached
in front of the photon multiplier.

Figure 7.10 shows the spectrums of generated high harmonics from argon and
xenon gases. Each noble gas is injected on to the nanostructure continuously through
a metal nozzle of a 100-�m diameter. The back pressure of the injected gas jet is
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set at 115 torr using a mass flow controller. From the xenon gas, odd harmonics up
to 21st order are detected. The used spectrometer for the high harmonic detection
consists of a varied line spacing grating (Hitachi, 001-0639) and a photon multiplier
(Photonics, 4751G CSI). In the measured spectrums, H3 (266 nm) and H5 (160 nm)
are not seen because they are out of the detection range of the used spectrometer.

The spectral characteristics typically seen in the high harmonics generated by
chirped power amplification (CPA) are observed [20, 21] as evidenced by the rapid
decrease of the lowest order harmonics region from H7 to H11 harmonic, a plateau
from H11 to H15, and a abrupt cut-off at H17 with the argon gas. In the case of
xenon gas, the cut-off appears at higher orders than the case of the argon gas.
Given that the input femtosecond laser provides a small peak power of 100 kW,
the observed harmonics yield relatively low power in the range of a few nW in
total. However, the conversion efficiency with Ar gas was found to be in the level of
2:4�10�9 for H7 and all the way down to 6:9�10�10 for H17, which is comparable
to those of CPA. As listed in Table 7.1, harmonic generation with Xenon gas shows
more efficient energy conversion of 10�8 which is generally observed in generation
of high harmonics.

It is expected that the original comb structure is maintained in each of the
generated harmonics as there was no reduction in the repetition rate of the inci-
dent femtosecond pulses. When sapphire is exposed to an intensity of greater than
1013 W cm�2, it could break down due to multi-photon ionization [22]. However,

Table 7.1 Photon efficiency of generated high harmonics with injection of (a) argon and
(b) xenon gases

(a)

Wavelength Photon number, N (/s) P.œ/ [nW] Efficiency

H7 (114 nm) 1:1� 108 0:240 2:4 � 10�9

H9 (89 nm) 8:0� 107 0:223 2:2 � 10�9

H11 (73 nm) 2:8� 107 0:095 9:5� 10�10

H13 (61 nm) 2:2� 107 0:090 9:0� 10�10

H15 (53 nm) 2:8� 107 0:131 1:3� 10�9

H17 (47 nm) 1:3� 107 0:069 6:9� 10�10

(b)
Wavelength Photon number, N (/s) P.œ/ [nW] Efficiency
H7 (114 nm) 1� 109 2:4 2:4 � 10�8

H9 (89 nm) 1� 109 2:78 2:78 � 10�8

H11 (73 nm) 6� 108 2:03 2:03 � 10�8

H13 (61 nm) 5� 108 2:04 2:04 � 10�8

H15 (53 nm) 4� 108 1:87 1:87 � 10�8

H17 (47 nm) 5:4� 108 2:87 2:87 � 10�8

H19 (47 nm) 5:1� 108 3:01 3:01 � 10�8

H21 (47 nm) 3� 108 1:95 1:95 � 10�8

The first column denotes the order and wavelength of high harmonics. The second column lists
the detected photon number per second. The energy conversion efficiency shown in the fourth
column was calculated from the emitting power of each harmonics presented in the third column
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this is not seen in out experiments since the enhanced electric field is formed in
the gap of each bow-tie. This was verified by SEM images after the experiment.
The gold bow-tie electrode itself is also susceptible to thermal damages due to
photon-electron coupling if the pulse intensity exceeds the thermal threshold of
1011 W cm�2 [23]. As the sapphire substrate functions as a good heat dissipater, no
serious ablation or melting on the gold bow-ties is observed as long as the incident
intensity is well controlled not to exceed the threshold intensity.

Another concern is the spatial distribution of emitted high harmonics from
the bow-tie nanostructure. The intense spot of focused femtosecond pulse on the
surface of the nanostructure has a 5�m diameter, which involves approximately
150 bow-ties simultaneously in high harmonic generation. Each bow-tie could be
approximated as a dipolar source that radiates high harmonics with a broad angle
distribution. The consequent wave collectively observed from the bow-ties is there-
fore the constructive interference of the individual waves emitted from all the
bow-ties maintaining high coherence in both spatial and temporal terms. These
multiple interferences cause the particular spatial diffraction pattern that the nanos-
tructure would produce as a two-dimensional diffractive grating as a whole. For
instance, H17 harmonic of 47-nm wavelength has the first-order diffraction angle of
13:6ı in one direction and 4:9ı in the other direction, with other higher-order diffrac-
tion angles being larger than those of the first-order angles. In the experiment, only
the zeroth-order diffraction of H17 harmonic was collected by the photon multiplier
because all other diffraction angles lie beyond the acceptance angle of ˙1:0ı of the
used spectrometer, and this is also the case for other detected harmonics of H7–H15.
Obviously all the zeroth-order diffracted rays of the generated harmonics proceed in
the same propagation direction of the incident femtosecond pulse, thereby residing
within a narrow cone-shaped ˙7ı angle distribution being formed in response to
the focusing angle of the incident pulse. An additional concern was the dispersion-
induced phase mismatch due to the interaction of generated harmonics with the
injected Ar gas. However, no particular attention was paid to this problem since the
field enhancement for high harmonics generation is confined to a short length of less
than 1�m as the incident femtosecond pulse passes through bowties.

Monitoring the cut-off frequency of generated high harmonics allows us to esti-
mate the enhanced intensity of the incident femtosecond laser around the bow-tie
nanostructure. The photon energy of the emitted harmonics is determined as,

Emax D Ip C 3:17Up; (7.1)

where Emax is the maximum energy of emitted harmonic photons, Ip is the ioniza-
tion energy of the injected gas, and Up is the ponderomotive potential. For a linearly
polarized incident field, Up has the form of

Up D 9:33 � 10�14IL�
2; (7.2)

where IL and � are the intensity and wavelength of the incident field, respectively.
From the generated harmonic spectrum of the xenon gas, Emax can be set to be
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32.6 eV, because the highest harmonic is 21st order. By adopting the first ioniza-
tion energy of xenon (12.1 eV), the enhanced laser intensity is worked out to be
1:1 � 1014 W cm�2. For the case of argon injection, using the same procedure, the
enhanced laser intensity is obtained as 5:4 � 1013 W cm�2, which is in the same
order of magnitude as the xenon. Thus the intensity enhancement induced by the
bow-tie nanostructure can be expected to be more than 20 dB or 100 times. Our
FDTD simulation predicts that the intensity enhancement factor could reach 1,000
within the separation gap of bow-ties, but such a high intensity enhancement is not
easily detected. The reason is that high enhancement is localized to an extremely
tiny area as small as a few cubic nm.

Generally argon allows for higher order harmonic than xenon due to its higher
ionization energy. When the local field enhancement by argon occurs in the same
way as in xenon, the highest harmonics must be 23rd order (34 nm in wavelength).
However, the corresponding experimental highest harmonic is 17th (47 nm in wave-
length), which is 3 orders less than the simulation prediction. The reason may be the
low conversion efficiency of argon, not enabling us to detect due to too low power.
The overall conversion efficiency is found to be around 10�8–10�9 which is lower
than the traditional way of high harmonic generation using CPA. This is due to the
short interaction length between the femtosecond laser and the injected gas, which is
about few 10 nm along the propagation direction of the femtosecond laser [24]. With
CPA, the femtosecond pulse laser could be focused loosely to extend the interaction
range up to a millimeter, but this is not possible with the bow-tie nanostructure.

Selection of a longer wavelength femtosecond laser enables improvement of the
field enhancement by surface plasmons. This is because the negative real part of
the dielectric constant of a metal yields a larger absolute value for a longer wave-
length. For example, as demonstrated by simulation in Fig. 7.11a, when the carrier
wavelength of the femtosecond laser increases from 800 to 1,064 nm, the inten-
sity enhancement factor at Apex point reaches 104 along with tripled 20 dB volume.
Another alternative way of improving the field enhancement is to narrow the spectral
bandwidth of the femtosecond laser by choosing a wider pulse duration. Narrower
bandwidth leads to more effective resonant oscillation of localized surface plas-
mons at a given geometrical shape of the nanostructure. As an example, Fig. 7.11b
shows that a femtosecond pulse laser of a pulse width of 100 fs gives higher field
enhancement than a 10-fs pulse duration. Besides, the wider pulse duration lessens
the instantaneous peak pulse power delivered to the gold bow-tie nanostructure,
reducing possible thermal damages.

7.5 Conclusion

The bow-tie nanostructure designed and tested in this study successfully ampli-
fies the femtosecond pulse laser strong enough to generate high harmonics up to
21st order with xenon gas. FDTD simulation can be usefully adopted to analyze
the behaviors of the surface plasmons confined within the bow-tie nanostructure.
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Fig. 7.11 (a) Calculated near-field distribution around the bow-tie nanostructure excited by a
longer wavelength of 1,064 nm with a corresponding pulse duration of 10 fs. The bow-tie height
is changed to 220 nm in accordance with the change of the incident laser wavelength to match the
resonance condition. Nearly tripled 20 dB volume is observed at the gap of bow-tie. (b) Due to the
narrow spectrum bandwidth of the 100 fs input laser, the enhanced area increases compared with
the case of 10 fs pulse laser excitation
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Experimental results obtained with the bow-tie nanostructure fabricated by the
focused ion beam process validate the simulation results. The field enhancement can
reach up to 100 times higher than the input intensity, allowing the output intensity
of a single femtosecond oscillator of 1011 W cm�2, and is strong enough to con-
duct high harmonic generation. This approach of high harmonic generation offers
hardware compactness and high controllability since neither additional cavities nor
pumping sources are required except a single femtosecond laser oscillator. In addi-
tion, no reduction in the pulse repetition rate is required, so the original comb of
the input laser can be maintained in the generated high harmonics. Furthermore,
high harmonics are emitted from point-like sources to be well suited for near-field
applications of microscopy, imaging and high resolution lithography.
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Chapter 8
High-Order Harmonic Generation
from Nanostructured Material
Using the Laser-Plasma Method

T. Ozaki, R.A. Ganeev, L.B. Elouga Bom, and J. Abdul-Hadi

Abstract We show that highly efficient harmonics in the extreme ultra-violet spec-
tral range can be achieved by using various nanostructured materials, such as metal
nanoparticles and fullerenes. Conversion efficiencies near 10�4 have been achieved
for harmonics from C60 fullerene plasma. Experimental results reveal that the
extension of the harmonic cutoff is negligible for such nanostructured material.
Harmonics generated from plasma containing an abundance of nanomaterials were
between 5 and 12 times more intense than plasma abundant with monatomic parti-
cles, depending on the harmonic order and pump laser conditions. Since the intense
harmonics disappear with ionization, we attribute these harmonics to contributions
from neutral atoms within the nanostructured material. Experiments and calcula-
tions reveal that for C60 fullerenes, there is also contribution from their surface
plasmon resonance centered at 20 eV.

8.1 Introduction

High-order harmonic generation (HHG) of ultrashort laser pulses is an effective
method to generate extreme ultraviolet (XUV) radiation and attosecond light pulses.
Currently, various techniques are used for HHG, such as the interaction of intense
laser with gases [1], with low-density laser-produced plasmas [2], and by reflecting
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relativistic intensity laser pulses from solid surfaces [3]. Such harmonics are promis-
ing sources of coherent soft X-ray radiation with various applications, such as
XUV nonlinear optics and spectroscopic studies. However, the relatively low bright-
ness of such HHG sources is an obstacle to explore new applications. Thus, many
methods have been explored to increase HHG conversion efficiency. These include
(a) improving phase matching conditions [4], (b) periodically modulating the atomic
density in the nonlinear medium [5], (c) exploiting the resonance of an ionic tran-
sition with a specific harmonic order [6], (d) using atomic clusters that results in
increased recombination probability of the recolliding electron with the parent par-
ticle and in resonant enhancement due to expanding clustered plasma [7–10], and
(e) applying surface plasmon resonances (SPR) for low-order harmonics [11] and
in large molecules and nanostructures [12]. However, the maximum harmonic effi-
ciency demonstrated in the XUV range remains rather low .10�6 �10�5/ for atomic
and ionic media.

By using particles with larger size (such as gas clusters and metal atoms),
enhancement of HHG efficiency has been observed, compared with those from
media rich in single atoms or ions. For example, clusters subject to intense laser
pulses produce strong low-order nonlinear optical response (such as nonlinear
refraction and nonlinear absorption) and can also emit coherent radiation through
harmonic generation [13, 14]. Also, fullerenes are an attractive molecule to study
HHG as they have rather large sizes (approximately 0.8 nm) and display broad-
band SPR in the XUV (�SPR D 60 nm, 10 nm full width at half maximum (FWHM)
[15, 16]. We have recently reported the first demonstration of HHG from fullerenes
and showed an enhancement of harmonics near its SPR [17].

In this paper, we review our recent studies on high-order nonlinear optical prop-
erties of various nanostructured materials, including nanoparticles and fullerenes.
These studies were performed using the laser-plasma HHG method. In this method,
a sub-nanosecond laser pulse produces low-density plasma from a solid target,
which is used as the nonlinear medium. We studied the presence of nanoparticles in
the plumes by analyzing the spatial characteristics of the ablated material deposited
on nearby substrates. We have found that the nanoparticles keep their integrity in the
laser plume under ideal conditions for harmonic generation. The presence of such
nanostructured material led to the enhancement of the HHG yield, when compared
with plasma that mainly contains monatomic particles.

8.2 Experimental Setup

We show in Fig. 8.1 the schematic diagram of the experimental setup. For harmonic
generation from low-density plasma, one needs two pump lasers synchronized in
time. The first beam is used to create low-temperature plasma, while the second
beam generates the harmonics. In the present work, we used the multibeam laser
of the Canadian advanced laser light source (ALLS) as the pump laser. Plasma
plume was created by loosely focusing picosecond prepulse from the uncom-
pressed Ti:sapphire laser (210 ps pulse duration, 800 nm central wavelength) on to
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Fig. 8.1 Schematic diagram of the experimental setup for HHG from laser plasma. (1) Sub-
nanosecond prepulse; (2) Femtosecond main pulse; (3) Optical delay line; (4) Pulse compressor;
(5) Target; (6,13) Focusing lenses; (7) XUV spectrometer; (8) Grating; (9) MCP; (10,11) CCD;
(12): UV spectrometer; (14) Fiber

a target placed in the vacuum chamber, using a plano-convex lens (focal length
f D 150mm). The focal spot diameter of the prepulse on the target surface was
about 600�m. We varied the intensity of the prepulse on the target surface between
2 � 109 W cm�2 and 1 � 1010 W cm�2. After a delay time (between 6 and 74 ns),
we focused the femtosecond main pulse (25 mJ maximum, 35 fs, 800 nm central
wavelength) on to the plasma using an MgF2 plano-convex lens .f D 680mm/.
The maximum intensity of the femtosecond main pulse used in this work was
7 � 1014 W cm�2 at the plasma position, above which the HHG efficiency started
to decrease. Since the characteristics of the freely expanding plasma can change
rapidly, it is necessary to synchronize temporally the main pulse with the pre-
pulse for efficient HHG. The ideal incidence position of the pump laser for HHG
was found to be at 200–300�m above the target surface, both for bulk targets and
nanoparticle targets.

The harmonics were spectrally dispersed using a homemade spectrometer with a
flat-field grating (1,200 lines/mm, Hitachi). The XUV spectrum was then detected
by a micro-channel plate (MCP) and finally recorded using a charge-coupled device
(CCD). We also performed time-resolved ultraviolet plasma spectroscopy of the
plume using a spectrometer (SpectraPro500i, Acton Research Corp.) and a time-
resolved CCD camera (DH501-18F-01, Andor Technology).

8.3 Results

8.3.1 Silver Nanoparticles

First, we performed harmonic generation experiments using silver nanoparticles
glued on various substrates. We observed the nanoparticles used in this experi-
ment with a scanning tunneling microscope, and we confirmed that their size varied
between 90 and 110 nm. We initially verified that harmonics generated from the sub-
strates themselves (glue, tape, and glass) without the nanoparticles were negligible
compared with those from silver plasma. We fabricated the target so that a slab silver
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target was next to the nanoparticle target, with the two target surfaces at the same
height. This target was placed on to the target holder, so that they interacted with
both the prepulse and main pump laser at the same intensities. First, the prepulse
and main pulse were aligned using a solid silver target, to search for conditions for
maximum harmonic intensity within the plateau. Next, the target was translated so
that the prepulse beam now irradiates the Ag nanoparticle target.

We compared the harmonic yield for silver nanoparticle targets with those from
bulk silver targets, under the same prepulse and main pulse conditions. Figure 8.2
shows the lineout of the harmonic spectra between the 21st and the 29th harmonics
within the plateau. One clearly sees that the HHG intensity from the nanoparticle
target was more than six times higher compared with that from bulk silver target.
We can estimate the energy of these harmonics based on calibrations we have per-
formed using longer (130 fs) pulses [18]. For 130 fs pump lasers, we have measured
a conversion efficiency of 8� 10�6 for bulk silver target. This would be a conserva-
tive estimate of the conversion efficiency for bulk silver targets in the present work,
which uses shorter 35 fs pulses. We therefore estimate a minimum harmonic con-
version efficiency of 4 � 10�5 from silver nanoparticles within the plateau region.
For the maximum main pump laser energy of 25 mJ used, the energy of the 21st to
29th harmonics is evaluated to be more than 1�J.

When we compare the cutoff observed for harmonics from nanoparticle and slab
silver targets, we also noted a slight extension of the harmonic cutoff for nanoparti-
cles (Fig. 8.3). Harmonic up to the 67th order (103 eV photon energy) was observed
in these studies with silver nanoparticles, while, for bulk silver target, the cutoff was
at the 61st order (94 eV photon energy) under the same conditions. This slight exten-
sion of harmonic cutoff agrees with past observations, which noted similar extension
in the cutoff for argon clusters, compared with isolated atoms [19]. This difference
has been explained by the increase in the effective binding energy of electrons in
the cluster. The higher binding energy will allow the cluster to interact with laser
intensities that are much higher than for isolated atoms, resulting in the extended
cutoff for the former. In past works with Ar [19], the cutoff for clusters was at the
33rd order, compared with the 29th order cutoff for monomer harmonics.

Fig. 8.2 Harmonic
distribution in mid-plateau
region for produced from
bulk Ag target (thin lineout)
and Ag nanoparticle plasma
(thick lineout)
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Fig. 8.3 High-order
harmonic spectra generated
from (1) silver nanoparticle
plasma and (2) plasma
produced from bulk silver
target

Fig. 8.4 Low-order
harmonic spectra from Ag
nanoparticle plasma for
different shots (from first to
the fourth) on the same target
position
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Next, we studied the dependence of the harmonic yield on the pump intensity.
However, the measurement was made difficult by the rapid shot-to-shot change in
the harmonic intensity from Ag nanoparticle target. For experiments with solid slab
targets, stable harmonic generation can be obtained for about 10 min at 10 Hz repe-
tition rates, without translating for a new target surface. However, for nanoparticle
targets, the harmonics were strong for the first few shots, which were followed by
a rapid decrease in harmonic yield when the plasma was created at the same target
position. We attribute this effect to evaporation of the thin layer of nanoparticles.
Figure 8.4 shows this shot-to-shot change in the harmonic spectrum, when the tar-
get was not moved. The first shot results in a strong harmonic spectrum, with the
typical plateau-like structure starting from the 17th order. Then, for the second and
third shots, the intensity of the harmonics decreased drastically, and for the fourth
shot and after, the harmonics almost disappeared. We repeated the experiments with
nanoparticles many times, revealing the same feature. We also observed that when
we used different material as the substrate, there was a different behavior of the
shot-to-shot decrease in harmonic yield. Another interesting feature found in the
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experiments with nanoparticle targets was that the prepulse intensity necessary for
HHG was lower than that used for bulk targets.

These observations give us a rough picture of the ablation for nanoparticle tar-
gets. The material directly surrounding the nanoparticles is polymer (epoxy glue),
which has a lower ablation threshold than metallic materials. Therefore, the poly-
mer starts to ablate at relatively low intensities, carrying the nanoparticle with it,
resulting in the lower prepulse intensity. Polymer also has a lower melting tempera-
ture than metals. Therefore, repetitive irradiation of the target leads to melting and
change in the properties of the target. This results in the change in conditions of the
plasma plume, resulting in a rapid decrease in the harmonic intensity with increased
shots. The different shot-to-shot harmonic intensities for different substrates can be
explained by the different adhesion properties of nanoparticles to the substrate.

Due to such rapid change in the conditions for harmonic generation with nanopar-
ticle targets, it was difficult to define precisely the dependence of harmonic yield
on prepulse and main pulse intensities. Nevertheless, approximate measurements
of the dependence of harmonic yield on the main pulse intensity for Ag nanopar-
ticles have shown a saturation of this process at relatively moderate intensities
.Ifp � 8 � 1014 W cm�2/.

Harmonics from plasma nanoparticles also displayed several characteristics sim-
ilar to gas harmonics. First, the harmonic intensity decreased exponentially for
the lower orders, followed by a plateau, and finally a cutoff. Next, the harmonic
intensity was strongly influenced by the focus position of the main pump laser,
along the direction parallel to the harmonic emission. The strongest harmonic yield
was obtained when the main pump laser was focused 4–5 mm after the nonlinear
medium. We observed the same tendency of the harmonics using bulk silver target.
The typical intensity of the pump laser for maximum harmonic yield was between
5 � 1014 and 2 � 1015 W cm�2. These results agree with those of gas harmonics
[20], and are due to the selective short-trajectory-generated harmonics when the
pump laser is focused after the medium. Harmonics from short-trajectories have a
flat and large area on-axis, with excellent phase matching conditions, resulting in
the higher harmonic yield. In our case, we needed to focus the pump laser away
from the medium, since the total intensity that would be produced at focus would
exceed the barrier suppression intensity for multiply charged ions. This would result
in over-ionization of the plasma, leading to the decrease in the harmonic yield.

To study the size effect of nanoparticles, we performed harmonic generation
experiments using colloidal silver targets, which contains blocks of silver with sizes
between 100 and 1,000 nm. We confirmed the size of the silver blocks by viewing
with a scanning tunneling microscope. The results showed that the harmonic yield
for these sub-�m-sized silver blocks was much lower than that from nanoparticles
and was comparable to those from bulk silver targets. We also noted a tendency of
slightly extended harmonic cutoff for smaller particle sizes. The cutoffs for the har-
monics were at the 61st, 63rd, and 67th order, for bulk silver, sub-�m silver colloid,
and silver nanoparticle targets, respectively.

These studies have shown that the increasing the particle size over some limit
is undesirable due to the disappearance of enhancement-inducing processes. The
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observed enhancement of harmonic yield for plasma plume with 90–110 nm size
nanoparticles can probably be further improved by using smaller nanoparticles.

These experiments show that the size of the nanoparticles is of essential impor-
tance for harmonic generation. To gain maximum HHG conversion efficiency, it is
essential to know the maximum tolerable particle size for increased harmonic yield.
On one hand, increasing the size of the particles increases its polarizability, and large
polarizability of a medium is critical for efficient harmonic generation [21]. On the
other hand, the increase in particle size leads to phenomena that reduce harmonic
yield (such as HHG only from surface atoms [22] and reabsorption of harmonics).

The increased HHG efficiency for silver nanoparticles might also be an important
factor for explaining the high conversion efficiency of HHG from plasma produced
from bulk silver targets. Silver has been known to be a highly efficient material for
plasma HHG, but up to now, the reason was not clear [23]. However, it is known
that nanoclusters (such as Ag2 and Ag8) and nanoparticles are abundantly produced
by laser ablation. Since our laser plume expanded adiabatically for 100 ns before
irradiation by the main pulse, one can expect that the silver plume from bulk silver
target also contained many nanomaterials, which would contribute to increasing the
HHG efficiency.

8.3.2 Other Nanoparticles

8.3.2.1 Cr2O3 and MnTiO3 Nanoparticle Targets

To study what parameters affect the strong harmonics from nanoparticles, we next
performed experiments using nanoparticles of different materials. An example of the
harmonic spectrum from chromium oxide .Cr2O3/ nanoparticle target is shown in
Fig. 8.5a. The spectrum from nanoparticle targets showed a featureless plateau with
a cutoff at the 31st harmonic, with harmonic yield that is much stronger than that
from bulk Cr2O3 targets (Fig. 8.5b). Another important observation is that the rela-
tive intensities between harmonic orders differ for different targets. For nanoparticle
targets, the harmonic spectrum resembles that observed from gas, with a plateau
followed by a cutoff. However, harmonics from bulk Cr2O3 target has a charac-
teristic enhancement of the 29th order, and a cutoff at the 35th harmonic, which
has also been observed in previous studies of HHG in chromium plasma [24]. For
bulk chromium oxide targets, the 29th harmonic is about ten times stronger than the
lower 27th harmonic. Such enhancement was not observed with Cr2O3 nanoparti-
cle targets at moderate prepulse intensities .5 � 109 W cm�2/. We should note that
by further increasing the prepulse intensity to 9 � 109 W cm�2, we could generate
intense 29th harmonic from Cr2O3 nanoparticle targets. This is a sign of ionization
of the nanoparticles in the plasma, since enhanced single harmonic in chromium
has previously been attributed to the proximity of the 29th harmonic with the giant
3p–3d ionic transitions of singly ionized chromium ions [25]. The delay between
the prepulse and main pulse in these experiments was kept at 25 ns.
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Fig. 8.5 Harmonic spectrum
for (a) chromium oxide
nanoparticles, (b) chromium
oxide bulk, (c) manganese
titanium oxide nanoparticles,
and (d) manganese titanium
oxide bulk targets
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High-order harmonics from other nanoparticles also showed similar features,
with a notable enhancement of low-order harmonics at the plateau and a decrease
in the harmonic cutoff compared with harmonics using bulk targets. For example,
Fig. 8.5c, d shows the harmonic spectrum for manganese titanium oxide .MnTiO3/

nanoparticles and bulk targets, respectively. The MnTiO3 nanoparticles show rel-
atively strong 19th and 21st harmonics, with a cutoff at the 25th order, whereas
the bulk MnTiO3 targets show only weak harmonics that are comparable to noise.
Increasing the femtosecond pump intensity did not lead to extension of the harmonic
cut-off for nanoparticle targets, which is a sign of saturation of the HHG in these
media. Also, at relatively high femtosecond pump intensities, we noted a decrease
in the harmonic conversion efficiency due to the onset of negative effects (such as
increase in the free electron density, self-defocusing, and phase mismatch). Sim-
ilar effects were also observed when we increased the prepulse intensity, which is
attributed to the increase in the free electron density of the plasma, resulting in phase
mismatch.
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8.3.2.2 Discussion

In this section, we discuss the mechanism for the efficient harmonic generation from
nanostructured material.

A comparison of the low-order harmonic generation using the single atoms and
multiparticle aggregates has previously been reported for Ar atoms and clusters [7].
It was demonstrated that a medium of intermediate-sized clusters with a few thou-
sand atoms of an inert gas has a higher efficiency for generating the harmonics,
compared with a medium of isolated gas atoms of the same density. The reported
enhancement factor for the third to ninth harmonics from gas jets was about 5. In
our HHG experiments with the laser-ablated nanoparticles, these observations were
extended toward the higher-order harmonics, and stronger enhancement for the har-
monics up to the 25th order was achieved. These results have also shown that the
dependence of the HHG efficiency on the prepulse and main pulse intensity is much
more prominent for nanoparticles than for monatomic particles.

Since nanoparticles are smaller than the laser wavelength, they contain many
equivalent, optically active electrons at effectively the same point in the laser field.
This leads to the possibility that each of these electron oscillators may contribute
coherently to a global nanoparticle dipole. However, this statement is true only for
low-order harmonics. For HHG (such as those considered in this paper), the dipole
approximation is inapplicable, because the harmonic radiation wavelength is shorter
than the size of nanoparticles (about 100 nm).

We would like to point out that in our experiments with nanoparticles, the intense
harmonics were observed (a) only for lower orders and (b) when the intensity of the
picosecond prepulse (which generates the plasma plume) was moderate. When the
prepulse intensity was increased, phenomena that are explained by the presence
of ions appeared. For example, enhancement of the 29th harmonic in chromium is
related to the giant 3p–3d ionic transitions of CrC, which started to appear for Cr2O3

nanoparticles when the prepulse intensity was increased to 9 � 109 W cm�2. These
results suggest that one major reason for the intense harmonics from nanoparticles
is the contribution from neutral atoms. Since neutral atoms are larger compared
with its ions, the recombination probability of the electron wave packet that was
liberated by the laser electric field is also larger for neutral atoms. As a result, the
neutral atoms emit stronger harmonics than ions, but with a lower cutoff due to its
lower ionization potential.

8.3.3 C60 Fullerenes

8.3.3.1 Harmonic Generation from C60 Fullerenes

A problem with experiments using nanoparticles is that there is always a distribution
in their size and shape. Since phenomena such as ionization and nonlinear response
to intense laser fields should vary with nanoparticle dimensions, it becomes difficult
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to determine how the various characteristics of the nanostructured material affect
harmonic generation. To study HHG from a more uniform nanomaterial, we decided
to next explore C60 fullerenes. In our previous experiments, we demonstrated HHG
from laser-produced plasma of fullerene targets [17]. In that work, we showed that
(a) the harmonics lying within the spectral range of SPR in C60 (20–22 eV) are
enhanced, (b) the harmonic efficiency from C60 targets is 20–25 times larger for the
13th harmonic compared with that generated from carbon monomer rich plasma,
and (c) the harmonic cutoff in C60 is lower (19th order) than carbon but extends
beyond the value (11th order) predicted by the three-step model. Here, we present a
more detailed account of HHG from C60 fullerenes.

Figure 8.6 shows the harmonic spectra from C60 for different delays between the
pump pulse and the femtosecond driving pulse. HHG by ablation of bulk materi-
als is influenced by the temporal delay between the pump pulse and driving pulse,
as it results in a change in the atomic density and plasma length of the nonlinear
medium. To study their effects on the harmonic intensity, we varied the delay from
18 to 100 ns. Our measurements showed no significant changes in the harmonic
intensities in C60 (see Fig. 8.6a, b) for delays of 22 and 63 ns, with some two fold
increase of harmonic efficiency for the shorter delay. By comparing with calibrated
harmonics from silver plasma [2], we estimate the efficiency of the 13th harmonic
from fullerene plasma to be near 10�4.

Fig. 8.6 Harmonic
generation observed in C60
plasma at (a) 22 ns, (b) 63 ns
delays between the prepulse
and main pulse, and (c) in
chromium plasma
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However, for bulk targets such as C, Cr, and Mn, no harmonics were observed
from plasmas when we used the shorter delays, which is contrary to the case of C60.
This can be attributed to the nonoptimal plasma conditions, since it requires time
for the plasma to ablate on the bulk surface and expand into the area where the
femtosecond beam interacts with the plasma. This can also be inferred from the
lower pump pulse intensity .Ipp � 2 � 109 W cm�2) needed for HHG from C60-
rich target, compared with that needed for bulk targets ŒIpp > 1010 W cm�2�. We
believe that short delays lead to more favorable evaporation conditions and higher
particle density for the cluster-rich medium compared with the monatomic medium,
thus resulting in a higher harmonic yield. Usually for heavy bulk targets, the strong
harmonics were observed using longer delays (40–70 ns). The use of light targets
(B, Be, Li) showed an opposite tendency, where one can obtain effective HHG for
shorter delays. The optimization is related to the presence of a proper density of
particles within the volume where harmonics are generated, which depends on the
propagation velocity of the plasma front. For C60, one can expect to optimize HHG
at longer delays due to the larger weight of the fullerene particles. However, one also
needs to take into account the possibility of the presence of the fragments of C60

in the plume, in which case, the density of the medium within the laser-interaction
region becomes sufficient even for shorter delays.

An interesting feature of the fullerene harmonic spectra is that the spectral width
is about three to four times broader compared with those generated in plasma rich
with monatomic particles (1.2 and 0.3 nm FWHM, respectively). For comparison,
Fig. 8.6c shows the harmonic spectra for Cr bulk targets. Broader width of the
harmonics can be explained by self-phase modulation and chirping of the funda-
mental radiation propagating through the fullerene plasma. Broadening of the main
beam bandwidth causes the broadening of the harmonic’s bandwidth. Increase in
the harmonic bandwidth with delay can be explained by the longer length of the
fullerene plasma for the longer delay, and thus stronger self-phase modulation of
the femtosecond pump laser.

The intensities of the pump pulse and driving pulse are crucial for optimizing the
HHG from C60. Increasing the intensity of the driving pulse did not lead to an exten-
sion of the cut-off for the fullerene plasma, which is a sign of HHG saturation in the
medium. Moreover, at relatively high femtosecond laser intensities, we observed a
decrease in the harmonic output, which can be ascribed to phase mismatch result-
ing from higher free electron density. We observe a similar phenomenon when the
pump pulse intensity on the surface of fullerene-rich targets is increased above the
optimal value for harmonic generation. This reduction in harmonic intensity can
be attributed to phenomena such as the fragmentation of fullerenes, an increase in
free electron density, and self-defocusing. At relatively strong ablation intensity for
fullerene film .Ipp > 1 � 1010 W cm�2/, we observed only the plasma spectrum,
without any sign of harmonics.

The stability of C60 molecules to ionization and fragmentation is of particu-
lar interest, especially for their application as a medium for HHG. The structural
integrity of the fullerenes ablated off the surface should be intact until the driv-
ing pulse arrives. Therefore, the pump pulse intensity is a sensitive parameter. At
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lower intensities, the density of clusters in the ablation plume would be low, while
at higher intensities, one can expect fragmentation. C60 has demonstrated both direct
and delayed ionization and fragmentation processes and is known to survive even in
intense laser fields. This can be attributed to the large number of internal degrees of
freedom that leads to the fast diffusion of the excitation energy [26,27]. At 796 nm,
multiphoton ionization is the dominant mechanism leading to the ionization of C60

in a strong laser field. The collective motion of   electrons of C60 can be excited
by multiphoton process. Since the laser frequency is much smaller than the reso-
nance frequency of   electrons, barrier suppression and multiphoton ionization are
the dominant mechanisms leading to the ionization in a strong laser field.

Another important parameter that affects the stability of HHG process is the
thickness of the fullerene target. We obtained stable harmonic generation with low
shot-to-shot variation in harmonic intensity by moving the fullerene film deposited
on the glass substrate after several laser shots. This avoids decrease in the fullerene
density due to ablation of the thin film. The number of laser shots at the same target
position that resulted in stable harmonic emission decreased drastically with the film
thickness. For example, in a 10�m film, the harmonic emission disappeared after
70–90 shots, whereas in a 2�m film, the harmonics disappeared after 5–7 shots.

To understand the origin of the harmonic emission in C60, we studied its depen-
dence on the polarization of the main pulse. This also allows one to distinguish the
plasma emission from the HHG. HHG is highly sensitive to laser polarization, since
the trajectories of the recolliding electrons are altered significantly for elliptically
polarized pump lasers, thus inhibiting the recombination process. We noted that the
harmonic signal drop rapidly and disappear with ellipticity of the laser polarization.
For circular polarization, as expected, the harmonic emission disappears and the
resulting background spectrum corresponds to the plasma emission.

Does the influence of plasmon resonance on the HHG in fullerene plasma depend
on the wavelength of the driving field? To address this question, we also studied
HHG using the second harmonic (396 nm, 4 mJ, 35 fs) of the main pulse (793 nm,
30 mJ). The low second harmonic conversion efficiency did not allow us to achieve
the laser intensities reached with the 793 nm fundamental laser. As a result, we were
able to generate harmonics up to the ninth order of the 396 nm driving pulse, while
simultaneously generating harmonics using the 793 nm laser. Harmonic generation
using two main pulses (793 and 396 nm) did not interfere with each other, due to
different focal positions of these two beams (approximately 2 mm in theZ-axis and
approximately 0.2 mm in the X -axis). Therefore, the two HHG processes occurred
in different regions of the laser plasma. Here, the Z-axis is the axis of propaga-
tion of the driving beam, and the X -axis is the axis vertical to the Z-axis. This
axis is defined by the walk-off direction of the second harmonic with respect to the
fundamental driving pulse.

Figure 8.7a shows the HHG spectrum from C60 fullerene optimized for the sec-
ond harmonic driving pulse. The energy of the second harmonic is approximately
1/7th of the fundamental. One can see the enhancement of the seventh harmonic
(which is within the spectral range of the SPR of C60/ compared with the fifth
harmonic. This behavior is similar to that observed for the 793 nm driving pulse.
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Fig. 8.7 Harmonic spectra
from (a) C60 and (b) Mn
plasma, when both the 793
and 396 nm laser were
simultaneously focused on
the laser-produced plasma

For comparison, we present in Fig. 8.7b the optimized harmonics generated using
the 396 nm pump and the weak harmonics from the 793 nm radiation in man-
ganese plasma. One can see a decrease in harmonic intensity from the Mn plasma
for each subsequent order, which is a common case, when one uses a nonlinear
optical medium containing atomic or ionic particles. These studies confirmed that,
independent of the driving pulse wavelength, the harmonics near SPR in C60 are
enhanced.

8.3.3.2 Simulations of C60 Harmonic Spectra

To understand the influence of the absorptive properties of surface plasmon res-
onance on the harmonic emission spectrum in C60, we simulated the emission
spectrum using parameters that are roughly identical to those used in experiments.
The HHG efficiency can be understood by three length parameters. For optimum
HHG, the length of the nonlinear medium Lmed should be (a) larger than the coher-
ence length Lcoh D =�k, which is defined by the phase mismatch between the
fundamental and harmonic fields (�k D kq � qk0, where kq and k0 are the har-
monic and fundamental wave vectors, respectively) and depends on the density and
ionization conditions, and (b) smaller than the absorption length of the medium
Labs D 1=�� , where � is the atomic density and � is the ionization cross-section.
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The photoionization cross-section of C60 is well-known, both experimentally and
theoretically. It displays a giant and broad plasmon resonance at approximately
20 eV (around the 11th, 13th, and 15th harmonics, with a bandwidth of 10 eV
FWHM). We calculated the absorption length using the estimated fullerene density
in the interaction region .5 � 1016 cm�3/ and the known photoionization cross-
sections. The absorption length varies from 0.8 mm (for the 7th and 17th harmonic)
to 0.3 mm (for the 11th, 13th, and 15th harmonic), suggesting that harmonics near
the plasmon resonance should be more strongly absorbed in the medium (whose
length is estimated to be about 0.8–1 mm). Due to this increased absorption in C60,
we expect a dip in the harmonic spectrum for the 11–15th harmonics. Our calcula-
tions also point out that harmonics produced in bulk carbon target are not absorbed
by the nonlinear medium. With an assumed medium length of 1 mm, theoretical
spectra are obtained by using the proper wavelength-dependent index of refraction
and dispersion data.

From our calculations, we find that for bulk carbon, the influence of absorption
on the harmonic yield is negligible, and as a result, the overall harmonic spectrum is
determined by dispersion. The harmonic yield decreases with increasing order as it
becomes difficult to phase match higher orders. In C60, absorption of harmonics by
the nonlinear medium is dominant due to large photoabsorption cross-sections. The
effect of dispersion only lowers the HHG efficiency but does not affect the overall
shape of the spectrum. As a result, one expects the harmonic yield to decrease con-
siderably near the surface plasmon resonance, if one does not consider the nonlinear
optical influence of this resonance on the harmonic efficiency in this medium. On the
contrary, in our experiment, we observed a notable enhancement of these harmonics
in the fullerene-rich plume (Figs. 8.6 and 8.7). This is a signature of multielectron
dynamics in a complex molecule such as C60 and has no atomic analogue.

To understand the origin of enhancement of harmonic yield near SPR, we theoret-
ically studied the interaction of monatomic carbon and fullerene C60 molecule with
a strong laser pulse by the time-dependent density functional theory (TDDFT) [28].
In the TDDFT approach, the many-body time-dependent wave-function is replaced
by the time-dependent density n.r; t/, which is a simple function of the three-
dimensional vector r . n.r; t/ is obtained with the help of a fictitious system of non-
interacting electrons by solving the time-dependent Kohn-Sham equations. These
are one-particle equations, so it is possible to treat large systems such as fullerenes.
For all calculations, we used the OCTOPUS code [29] with norm-conserving non-
local Troullier-Martins pseudopotentials [30], Slater exchange, Perdew and Zunger
correlation functionals [31] and grid spacing of 0.6 Å for parallelepiped box of
8 � 8 � 60 Å.

We analyzed the relative harmonic intensities calculated for C60 and bulk car-
bon (Fig. 8.8). A significant increase in HHG efficiency for C60 molecule can be
attributed to additional oscillation of the time-dependent dipole in the C60 molecule.
This can be a sign of an induced collective plasmon-like response of the molecule
to external field. At the same time, the cutoff for the carbon atom is higher than that
for a fullerene molecule. Treating relatively high-order harmonics with our simula-
tion codes can become inaccurate, due to an exponential cutoff of the exchange and
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Fig. 8.8 Calculated relative
intensities of harmonics
generated from neutral carbon
monoatom and C60 fullerene
molecule

correlation potential. The effects of correlation for lower harmonics are nevertheless
conserved, so a collective oscillation can be responsible for the relative increase of
the time-dependent dipole and, respectively, HHG conversion efficiency observed
in plasma of fullerene molecules.

8.4 Conclusions

We have shown that one can achieve enhancement of the harmonic yield in the low-
energy plateau range for various nanostructured material, such as metal nanoparti-
cles and fullerenes. Experimental results reveal that there is only a slight extension
of the harmonic cutoff for such nanostructured material. Harmonics generated from
plasma containing an abundance of nanomaterials were between 5 to 12 times more
intense than plasma abundant with monatomic particles, depending on the harmonic
order and pump laser conditions. Since the intense harmonics disappear with ion-
ization, we attribute these harmonics to contributions from neutral atoms within the
nanostructured material. Experiments and calculations reveal that for C60 fullerenes,
there is also contribution from their surface plasmon resonance centered at about
20 eV. Harmonics from nanostructured material could be a way toward generating
intense coherent X-rays and attosecond pulses.

References

1. S. Kazamias, D. Douillet, F. Weihe, C. Valentin, A. Rousse, S. Sebban, G. Grillon, F. Auge,
D. Hulin, P. Balcou, Phys. Rev. Lett. 90, 193901 (2003)

2. R.A. Ganeev, J. Phys. B At. Mol. Opt. Phys. 40, R213 (2007)
3. P.A. Norreys, M. Zepf, S. Moustaizis, A. P. Fews, J. Zhang, P. Lee, M. Bakarezos, C.N. Danson,

A. Dyson, P. Gibbon, P. Loukakos, D. Neely, F.N. Walsh, J.S. Wark, A.E. Dangor5, Phys. Rev.
Lett. 76, 1832 (1996)



160 T. Ozaki et al.

4. E.A. Gibson, A. Paul, N. Wagner, R. Tobey, D. Gaudiosi, S. Backus, I.P. Christov, A. Aquila,
E.M. Gullikson, D. T. Attwood, M.M. Murnane, H.C. Kapteyn, Science 302, 95 (2003)

5. J. Seres, V.S. Yakovlev, E. Seres, Ch. Streli, P. Wobrauschek, Ch. Spielmann, F. Krause, Nat.
Phys. 3, 878 (2007)

6. R.A. Ganeev, H. Singhal, P.A. Naik, V. Arora, U. Chakravarty, J.A. Chakera, R.A. Khan, I.A.
Kulagin, P.V. Redkin, M. Raghuramaiah, P.D. Gupta, Phys. Rev. A 74, 063824 (2006)

7. T.D. Donnely, T. Ditmire, K. Neuman, M.D. Pery, R.W. Falcone, Phys. Rev. Lett. 76,
2472 (1996)

8. J.W.G. Tisch, T. Ditmire, D.J. Fraser, N. Hay, M.B. Mason, E. Springate, J.P. Marangos,
M.H.R. Hutchinson, J. Phys. B At. Mol. Opt. Phys. 30, L709 (1997)

9. R.A. Ganeev, M. Suzuki, M. Baba, M. Ichihara, H. Kuroda, J. Phys. B At. Mol. Opt. Phys. 41,
045603 (2008)

10. R.A. Ganeev, M. Suzuki, M. Baba, M. Ichihara, H. Kuroda, J. Appl. Phys. 103, 643 (2008)
11. B. Shim, G. Hays, R. Zgadzaj, T. Ditmire, M.C. Downer, Phys. Rev. Lett. 98, 123902 (2007)
12. S. Kim, J. Jin, Y-J. Kim, I-Y. Park, Y. Kim, S-W. Kim, Nature 453, 757 (2008)
13. H.B. Liao, R.F. Xiao, J.S. Fu, G.K.L. Wong, Appl. Phys. B 65, 673 (1997)
14. N.I. Shvetsov-Shilovski, S.P. Goreslavski, S.V. Popruzhenko, W. Becker, G.G. Paulus, Laser

Phys. Lett. 4, 726 (2007)
15. R.G. Polozkov, V.K. Ivanov, A.V. Solov0yov, J. Phys. B At. Mol. Opt. Phys. 38, 4341 (2005)
16. S. Hunsche, T. Starczewski, A. l0Huillier, A. Persson, C.-G. Wahlström, B. van Linden van den

Heuvel, S. Svanberg, Phys. Rev. Lett. 77, 1966 (1996)
17. R.A. Ganeev, L.B. Elouga Bom, J. Abdul-Hadi, M.C.H. Wong, J.P. Brichta, V.R. Bhardwaj,

T. Ozaki, Phys. Rev. Lett. 102, 013903 (2009)
18. R.A. Ganeev, M. Baba, M. Suzuki, H. Kuroda, Phys. Lett. A 339, 103 (2005)
19. T.D. Donnelly, T. Ditmire, K. Neuman, M.D. Perry, R.W. Falcone, Phys. Rev. Lett. 76,

2472 (1996)
20. F. Lindner, W. Stremme, M.G. Schätzel, F. Grasbon, G.G. Paulus, H. Walther, R. Hartmann,
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Chapter 9
Filamentation in Ultrafast Laser Material
Processing

Wataru Watanabe, Takayuki Tamaki, Yasuyuki Ozeki, and Kazuyoshi Itoh

Abstract When an ultrashort laser pulse is focused inside the bulk of a transpar-
ent material, filamentation occurs as a result of the dynamic balance between the
Kerr self-focusing and defocusing effects in the electron plasma, which is generated
through the ionization process. The optical intensity in the filamentary volume can
become high enough to induce permanent structural modifications. In this chapter,
we review the applications of filamentation in the microprocessing of transparent
materials and in microwelding.

9.1 Introduction

The nonlinear propagation of an ultrafast laser pulse through a material can result in
dynamic changes in its temporal, spatial, and spectral properties. The self-guiding
of the beam created from laser pulses, which is also called filamentation, occurs as a
result of the dynamic balance between the Kerr self-focusing and defocusing effects
in the electron plasma generated through the ionization process. Applications result-
ing from filamentary propagation include pulse self-compression, lightning control,
harmonic generation, terahertz radiation, atmospheric analysis, remote sensing of
molecules, and supercontinuum generation [1–6].
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Ultrafast laser filamentation is observed in condensed media such as transpar-
ent solids and liquids. When an ultrafast laser pulse is focused inside the bulk of
a transparent material, the intensity of the laser pulse in the filamentary region can
become high enough to cause nonlinear absorption, leading to localized modifica-
tion in the filamentary volume. Ultrafast laser processing using filamentation is a
versatile technique for welding and for the fabrication of three-dimensional pho-
tonic devices in transparent materials, because material modification is initiated by
the nonlinear absorption.

In this chapter, we highlight filament formations and modifications in transparent
materials and review filamentation applications in microprocessing and microweld-
ing. In Sect. 9.2, we cover various aspects of the filamentation of ultrafast laser
pulses. In Sect. 9.3, we describe bulk modifications by filamentation. In Sect. 9.4, we
review filamentation methods of fabricating photonic devices. Finally, in Sect. 9.5,
we describe a welding technique in which filamentation processes are used.

9.2 Filamentation

9.2.1 Filamentation and Supercontinuum Generation

When a laser pulse is focused in a transparent material, the nonlinear propagation of
the pulse leads to filamentation – a phenomenon whereby the laser beam maintains
a near-constant beam radius over many Rayleigh lengths due to a temporal balance
between self-focusing and plasma defocusing [7–9]. The propagation of an ultrafast
laser pulse in a nonlinear medium can lead to filament formation. Above the critical

power for self-focusing, Pcr D � .0:61/2 �
2
.
8 n0 n2, where � is the wavelength,

and n0 and n2 are the linear and nonlinear refractive indexes, respectively [10],
a single filament can be formed. When the beam power sufficiently exceeds the
critical power for self-focusing, the beam breaks up into multiple filaments with
nearly constant diameters [11,12]. The filamentary propagation of an ultrashort laser
pulse can produce a spectrally broadened pulse ranging from ultraviolet to infrared,
which is called supercontinuum. Supercontinuum generation was first observed in
1970, and it has since been demonstrated to occur in a wide variety of solids, liquids,
and gasses [13–18].

9.2.2 Control of Multiple Filaments

The control of filament formation in a liquid or a solid is important for the sta-
bilization of supercontinuum generation and micromachining. When the intensity
distribution of an input laser beam was modulated, the beam exhibited self-focusing.
A diffraction pattern of the beam produced a periodic self-focusing pattern [19, 20].
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Fig. 9.1 Spatial control of filament formation by the intensity distribution of an input laser beam.
(a) A spatial mask or an aperture is placed in front of a focusing lens. (b) A microlens array is used
for parallel focusing

The spatial control of filament formation can be performed using a spatial amplitude-
modification mask or phase mask, which is placed in front of a focusing lens
(Fig. 9.1a) [21–25]. A microlens array (Fig. 9.1b) or cylindrical lens has been used
to focus a beam using multiple foci [26–28]. Alternatively, the modification of the
amplitude and phase of the input beam, for example, by the introduction of a beam
astigmatism or ellipticity, has also been demonstrated to control filament formation
processes [29, 30].

Watanabe et al. demonstrated the spatial control of filaments using a microlens
array with the setup shown in Fig. 9.1b [26]. The 1-mJ, 130-fs, 1-kHz laser pulses
at a wavelength of 800 nm were focused into water through a microlens array with
a pitch of 10 mm and a focal length of 300�m. Figure 9.2 shows a photograph of a
6 � 8 array of filaments. Each microlens produced a single filament, and a filament
array was generated by the multifocusing of the femtosecond laser pulses with the
microlens array.

9.3 Filamentation and Bulk Modifications

9.3.1 Filamentation and Bulk Modifications

Nanosecond laser pulses have been found to produce permanent filamentary tracks
in optical glass. The long pulse duration leads to the initiation of avalanche ion-
ization. Accordingly, scattering damage is produced by the optical breakdown
process [31–35].
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Fig. 9.2 Focused image of
an array of supercontinuum.
An array of 6� 8 filaments is
shown. The scalar bar shows
300�m. Reprinted with
permission from [26]

When femtosecond laser pulses are focused inside the bulk of transparent mate-
rials, the intensity in the focal volume becomes high enough to cause nonlinear
absorption, which leads to localized modification in the focal volume. Filamen-
tary modifications in solid materials are mostly conducted by the external focusing
of femtosecond laser pulses. Different types of filamentary tracks, such as color-
centers, scattering damage, and refractive index changes, have been produced in
transparent materials depending on the laser parameters (i.e., the wavelength, pulse
duration, energy, and repetition rate), focusing conditions, and materials [36]. For
example, filament formation has led to filamentary modifications, such as the crys-
tallization of silver nanoparticles in silver-doped glass [37], color-center generation
[38], and modification of optical fibers [39].

9.3.2 Femtosecond Filamentary Track

The filamentation of femtosecond laser pulses induces a permanent refractive index
change in silica glass [40–45]. Figure 9.3a shows a microscopic image of a sin-
gle filament under excitation by femtosecond laser pulses in silica glass [40]. The
85-fs, 800-nm, 1-kHz laser pulses, at an energy of 1:0 �J=pulse, were focused by an
objective lens with a numerical aperture (NA) of 0.1. Figure 9.3b shows an optical
image of the refractive index change induced after 60 s of exposure to the focused
laser pulses. Figure 9.3 shows that the region of refractive index change spatially
coincides with that of the filament. By using lower NA lenses, smooth filamentary
tracks, with single or multiple-filament refractive index changes, were induced in
silica glass. Varying the NA of the focusing lens resulted in a region of refractive
index change that was 10–500�m long. Due to the self-focusing effect, the diameter
of the region of refractive index change was approximately 2�m, which was much
smaller than the diffraction-limited beam spot size, and was independent of the NAs
of the focusing lenses. The magnitude of the refractive index change saturated with
irradiation, and no void-like damage occurred, even under irradiation by multiple
shots. The maximum refractive index change was 0:8 � 10�2.
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Fig. 9.3 Relationship between a filament and the region of refractive index change by focusing
femtosecond laser pulses in silica glass: (a) the filament and (b) optical images of the region of
refractive index change after filament irradiation (Reprinted with permission from [40])

2µm

Polarization state

y

x
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a b c

Fig. 9.4 Scanning-electron microscope images of cross-sectional regions of refractive index
change. The refractive index changes were induced by (a) x-polarized pulses, (b) y-polarized
pulses, and (c) circularly polarized pulses. The laser pulses propagated along the z axis (Reprinted
with permission from [41])

The refractive index change induced by filamentation was dependent on the
polarization of the incident ultrashort laser pulses [41]. After the induction of the
filamentary refractive index, the sample was polished, and then etched by 5 mol%
hydrofluoric acid solution for 150 s. Figure 9.4 shows scanning electron microscope
images of the etched cross sections. The cross section of the filamentary refractive
index was elliptical, with the long axis parallel to the polarization direction of the
incident laser pulses. When the refractive index change was induced by circularly
polarized pulses, the ellipticity was negligible.

Onda et al. investigated the filamentary tracks induced in silica glass by varying
both the duration and energy of the laser pulses (800 nm, 1 kHz), using an NA of 0.1
[42]. Figure 9.5a shows an optical image of the filamentary tracks formed along the
laser propagation axis. The pulse duration was varied from 100 to 240 fs by applying
a positive chirp to constant-energy pulses of 2�J=pulse for a fixed exposure time
of 5 min. Below a pulse duration of 190 fs, refractive-index change was induced by
a single filament. When the pulse duration was 215 fs, scattering damage occurred
at the head of the track. At 240 fs, the scattering damage was found to be spread
throughout the entire track. Figure 9.5b shows the filamentary tracks produced at
an energy of 5�J=pulse for a fixed exposure time of 5 min. For the positive-chirped
pulses with durations below 190 fs, complex refractive-index changes were induced



166 W. Watanabe et al.

Fig. 9.5 Dependence of
structural changes on pulse
duration when laser pulses
were focused by 0.10-NA
objective lens: (a) under the
condition of a constant
incident energy of
2:0�J/pulse and (b) under
the condition of a constant
incident energy of
5:0�J/pulse. The pulses
propagate from left to right in
the figure (Reprinted with
permission from [42])
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by multiple filaments. Pulse durations longer than 190 fs induced scattering damage
in the filamentary tracks.

Figure 9.6 shows a summary of the thresholds for filamentary tracks as a func-
tion of the pulse duration and energy of the laser pulses (800 nm, 1 kHz), with an NA
of 0.1. In region 1, no filament or permanent tracks could be created. In region 2,
a refractive-index change was induced by a single filament. Region 3 corresponds
to the induction of a complex refractive-index change by the formation of multi-
ple filaments. In region 4, optical breakdown occurred and scattering damage was
produced in the filamentary tracks. Short-duration pulses induced a single filament
or multiple filamentary refractive-index change that could be annealed out by heat-
ing the material at 900 ıC, whereas longer pulses produced birefringent scattering
damage in filamentary tracks that persisted when the material was heated at 900 ıC.
Increasing the energy of the laser pulses led to multiple filamentary tracks. A simi-
lar investigation was performed by Guo et al. Two kinds of filamentary tracks in the
forms of refractive-index change and scattering damage were induced by varying
the pulse duration of femtosecond laser pulses [43].

By using NA D 0:25–0:5, two types of filamentary tracks were observed due
to two intensity thresholds [46–48]. Above the first energy threshold, an isotropic
refractive-index change was induced, and only weak birefringence was displayed.
Intensities in excess of the second energy threshold created stronger scattering
damage and resulted in strong birefringence. Under the focusing conditions of
NA D 0:5, Sudrie et al. found that birefringent scattering damage was followed
by the formation of sub-micrometer filamentary tracks extending up to 80�m
in silica glass (Fig. 9.7a) [48]. A scanning electron microscope showed that the
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Fig. 9.6 Energy thresholds for filamentary tracks of single-filament refractive-index changes,
multiple-filament refractive-index changes, and scattering damage by varying the pulse duration
and incident energy. The underscore line denotes the critical energy for self-focusing (Reprinted
with permission from [42])

Fig. 9.7 (a) Optical image of damage tracks viewed along the propagation axis of the pulse. (b)
Damage tracks in fused silica viewed under a scanning electron microscope. Damage tracks were
produced by a 160-fs laser operating at 800 nm, at a repetition rate of 200 kHz. A laser pulse with
an energy of 2�J was focused inside fused silica with an objective NA of 0.5 [48] (Reprinted with
permission from [48])

birefringent zone was highly disordered and consisted of a cluster of sub-micron
cavities (Fig. 9.7b).

Nguyen et al. investigated the conditions required for the formation of filamenta-
tion and optical breakdown and the competition between filamentation and optical
breakdown in bulk fused silica in terms of the external focusing conditions for 45-fs,
810-nm laser pulses in fused silica [49]. The appearance of optical breakdown in
a high-density plasma is usually accompanied by an isotropic broadband plasma
emission due to electron recombination, which appears as a white spot around
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Fig. 9.8 Threshold energies for optical breakdown and filamentation as a function of focal length.
The insets show typical optical breakdown and filamentation plasma images corresponding to each
region (Reprinted with permission from [49])

the geometrical focus, while filamentation results in supercontinuum generation.
According to the abovementioned criteria for confirming the formation of optical
breakdown and filamentation, four regions were categorized as shown in Fig. 9.8. In
region 1, no optical breakdown or filamentation was formed. Region 2 corresponded
to the energy and focal lengths for which only optical breakdown occurred and no
filamentation was formed. Filamentation occurred at a lower power compared with
optical breakdown in region 4. In region 4, the required power for optical break-
down was higher than the critical power for self-focusing. The filamentation and
optical breakdown coexisted for the input energies and focal lengths in region 3.
Figure 9.8 shows that the energy threshold for optical breakdown in fused silica was
lower than the filamentation threshold for short focal lengths, while filamentation
occurred below the threshold for optical breakdown for long focal lengths.

Filamentary modifications can be produced at various wavelengths of laser
pulses. Papazoglou et al. demonstrated that ultraviolet laser pulses (248 nm, 450 fs)
focused in the bulk of fused silica samples produced filamentary modifications.
Depending on the energy and number of pulses, three distinct types of structural
changes in the material were observed, including changes in the refractive index,
birefringence, and even cracks and voids [50]. Saliminia et al. inscribed optical
waveguides in fused silica using 70-fs, 1:5-�m laser pulses from an optical para-
metric amplifier [51, 52]. Despite the bandgap of fused silica, the refractive index
modifications were of the same order as those produced at 800 nm.

Self-Organized Void Arrays

Self-organized void arrays can be induced by tightly focusing the femtosecond laser
beam into fused silica glass [53–55]. A void array could be induced inside the
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Fig. 9.9 A void string induced by tightly focusing femtosecond laser pulses in silica glass through
an objective lens with NA D 0:9. The pulse energy was fixed at 50�J and the number of pulses
was 32 (Reprinted with permission from [55])

sample (Fig. 9.9) or on the rear surface of the sample [55]. The interface spheri-
cal aberration resulting from the refractive index mismatch is a possible reason for
the self-formation of the void array under tightly focused conditions with high-NA
objectives.

Filamentary Modifications in Polymer Materials

Focused femtosecond laser pulses produce filamentary modifications inside poly-
mer materials [56–58]. The length of the filamentary refractive index change region
was approximately 300�m by focusing femtosecond laser pulses through an objec-
tive lens with NA D 0:13 [56]. Spectral broadening was observed for the filamented
pulse in bulk polymers during bulk modifications [57]. At tight focusing condi-
tions .NA D 0:55/, a single femtosecond laser pulse created a filamentary structural
change along the optical axis inside bulk poly (methyl methacrylate) (PMMA). The
cavity had a diameter of 0:8 �m and a length of 125�m [58].

9.4 Photonic Device Fabrication Using Filamentation

The femtosecond laser modification technique allows the formation of three-
dimensional structures in transparent materials [36,59–61]. In this section, we focus
on the fabrication of photonic devices using filamentation. The induction of fil-
amentary modifications is a potential method for creating photonic structures in
transparent materials, such as waveguides, couplers, gratings, and lenses.

9.4.1 Fabrication of Waveguide Device

9.4.1.1 Waveguide Fabrication

In femtosecond laser micromachining, the fabrication of waveguides is accom-
plished in one of two ways: by moving the focus of the femtosecond laser pulses
through the sample parallel either to the axis of the laser beam or perpendicular to
it [62–64]. The former technique, called parallel writing, offers the advantage that
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Fig. 9.10 Scheme for fabrication of waveguides embedded in glass. (a) Side-writing and
(b) Parallel writing

the waveguides are circular in shape; however, the working distance of the objective
lens limits the writing length of the waveguide (Fig. 9.10a). Thus, low-NA objec-
tives with long working distance focal lengths are needed to produce waveguides.
Such focusing conditions offer the potential for the generation of filamentation
using laser pulses [40, 65–67]. Yamada et al. demonstrated waveguide fabrication
by filamentation in silica glass [40]. By translating the sample at 1�m s�1 along
the optical axis, a waveguide with a core diameter of approximately 2�m was fab-
ricated. Cho et al. demonstrated waveguide writing in various types of glasses using
filaments [65, 66].

In the transverse writing geometry, called side writing, waveguides can be fabri-
cated within the bulk material (Fig. 9.10b). Such a waveguide has an elliptical cross
section. Circular waveguides can be obtained by beam shaping using a slit in front
of the focusing objective [63, 64]. In this writing regime, filamentation should be
avoided.

Bending of Filament

When the filamentary region is translated alternately in the directions parallel and
perpendicular to the beam axis, a curved area of modifications can be created [68]
(Fig. 9.11). The curvature can be tailored by the respective sizes of the steps. The
filament created in the latest step motion follows the previously induced region
of refractive index change, forming a bent waveguide. Thus, a curved region of
refractive index change is created from smoothly connected filaments.

Couplers and Splitters

Filamentation was used to fabricate directional couplers containing a 2-mm-long
straight waveguide and a curved waveguide connected to a different straight section
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Fig. 9.11 Fabrication of a curved waveguide. Two-dimensional translation of a filament with a
length of 40�m produces a curved refractive index structure by bending the filament
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Fig. 9.12 (Left) Schematic of a three-dimensional directional coupler. (Right) Near-field patterns
of coupler output when coupling to a laser beam at a wavelength of 632.8 nm (Reprinted with
permission from [68])

[68]. Waveguides with a length of 2 mm were made into directional couplers with
coupling ratios of 1:1 and 1:0.5 for 632.8-nm light. The realization of three-
dimensional directional couplers using filamentation was demonstrated (Fig. 9.12)
[68]. Figure 9.12a shows the schema of a three-dimensional directional coupler con-
sisting of three waveguides: a 2-mm-long straight waveguide (waveguide I) and two
curved waveguides that are connected to straight sections (waveguides II and III).
The straight sections of waveguides II and III were parallel to the straight waveg-
uide, with a 4�m center-to-center separation in the x and y directions, respectively.
The lengths of the straight sections of waveguides II and III were 0.5 and 1.0 mm,
respectively. Figure 9.12b shows the near-field pattern of beams from the coupler
at a wavelength of 632.8 nm. The beam was split among the three waveguides at
different intensities. When white-light was coupled, the spectra were different at the
output because the coupling properties were dependent on the wavelengths. These
structures can act as wavelength-division demultiplexers or multiplexers.

A multimode interference coupler was successfully fabricated in silica glass [69].
By translating the sample parallel and perpendicular to the optical axis, multimode
interference waveguides (500 � 30�m2 with a 2�m thickness) were fabricated. In
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order to couple the incident beam to the fabricated multimode interference waveg-
uides, a straight waveguide with a core diameter of 2�m was connected to the center
of the waveguide by translating the sample along the optical axis. Such fabricated
multimode interference waveguides can be used as compact power splitters with
large fan-outs.

9.4.2 Fabrication of Diffractive Optical Element

Volume Grating

Gratings can be fabricated in glass by a direct-writing method [46,70]. Sudrie et al.
fabricated birefringent gratings in bulk silica using birefringent refractive index
changes [46]. The grating was written by the two-dimensional displacement of a
silica glass sample perpendicular to the beam propagation axis. A grating with a
period of 6�m and a thickness of 20�m had a diffraction efficiency of 20% [46].
Gratings with 10- and 2-�m periods were fabricated in fused silica and BK7, and
shown to be thermally stable [70].

A volume grating can be embedded by the two-dimensional displacement of a
filament perpendicular to the beam propagation axis. Yamada et al. reported the
fabrication of Bragg gratings in silica glass by the two-dimensional translation of
a filament with a length of 150�m [71]. When a laser beam with a wavelength of
632.8 nm was directed into the grating embedded in the silica glass at the Bragg
angle, a maximum diffraction efficiency of 74.8% was obtained when the grating
had a period of 3�m and a thickness of 150�m.

Dammann Grating

A Dammann grating is a diffractive optical element that can generate regular one-
or two-dimensional beam patterns of equal intensity spots and is used as an optical
splitter. By using the femtosecond laser filamentation writing technique, Dammann
gratings have been embedded in glass [72–74]. Nakaya et al. reported the fabrication
of Dammann gratings in silica glass [72]. They fabricated a 6 � 6 grating with a
diffraction efficiency of only 7.7%. In order to increase the diffraction efficiency,
they carried out preliminary experiments by writing multilayer 1 � 2 gratings with
a diffraction efficiency of 70%.

Li et al. demonstrated the fabrication of single-layer Dammann gratings in silica
glass [73]. The refractive index change was induced by the use of a 160�m-long fil-
ament, and the filament was translated two-dimensionally. The diffraction efficiency
of a 5 � 5 Dammann grating with 8 � 8 periods was 56%, close to the theoretical
value of 77%.
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Hologram and Beam Shaper

Ran et al. demonstrated the fabrication of a computer-generated hologram of the
optical vortex inside glass induced from a filament with a length of 200�m. The
optical vortex beam was reconstructed, and the first-order diffraction efficiency at
a wavelength of 632.8 nm was 19.6% [75]. Wang et al. fabricated several refrac-
tive index-modified beam shapers, including a grid grating, square grating, and ring
gratings, by filament formation [76].

Diffractive Lens

The fabrication of two-level phase-type diffractive lenses was demonstrated by
inducing a birefringent refractive index change in silica glass. The efficiency of this
lens reached approximately 40% at a wavelength of 404 nm and was dependent on
the polarization of the incident beam [77]. However, the efficiency was only 17%
at a wavelength of 642 nm because the length of the filamentary refractive index
region was only 30�m.

Two-level diffractive lenses with multiple layers were fabricated to increase the
overall thickness of the diffractive lenses due to filamentary refractive index change.
The maximum efficiency of the two-level diffractive lenses was 37.6% at a wave-
length of 632.8 nm [78]. Furthermore, four-level diffractive lenses were shown to
provide a maximum efficiency of 56.9% (Fig. 9.13) [78].

Srisungsitthisunti et al. fabricated a volume Fresnel zone plate, which consists of
a number of layers of Fresnel zone plates designed to focus light together, in fused
silica. Experimental results indicated that volume Fresnel zone plates increased the

20
0 
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200 µm

20
0 
µm

60 µm
(Length of a filament)
a b c

Fig. 9.13 (a) Design of four-level phase-type diffractive lens. (b) Side view and (c) top view of
fabricated four-level phase-type diffractive lens (Reprinted with permission from [78])
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overall diffraction efficiency [79, 80]. In order to achieve a volumetric lens in glass,
collinear femtosecond laser beams with different wavefront curvatures were used
to produce two filaments at different depths below the surface of the silica glass.
Hence, multiple filaments along the optical axis existed in the glass simultaneously,
and parallel writing on multiple layers was realized [81]. Siiman et al. successfully
fabricated a cylindrical phase Fresnel lens in photosensitive glass by a two-step pro-
cess that included infrared ultrashort laser pulse exposure and thermal development,
resulting in the precipitation of nanocrystals in the exposed areas [82].

9.4.3 Fabrication of Diffractive Optical Elements
in Polymer Materials

The fabrication of diffractive optical elements inside polymer materials has been
reported [56, 83–88]. Mochizuki et al. embedded diffractive optical elements in a
wide variety of polymers [56]. In polymethylpentene, which had the lowest density
of the polymers examined, large volume contraction by femtosecond laser irradia-
tion was observed by transmission electron microscopy. The larger refractive index
change in polymethylpentene was attributed to its large volume contraction based on
its low density. In particular, a large refractive index change in PMMA was induced
by laser irradiation at a wavelength of 400 nm or less, with a pulse width of 100 fs
or less [87, 88].

9.5 Microwelding Using Filamentation

9.5.1 Femtosecond Laser Welding of Transparent Materials

The development of techniques for welding/joining materials on a micrometer scale
is of great importance in a number of applications, including the production of
electronic, electromechanical, and medical devices. Laser microwelding/joining is
a prospective technique due to the following advantages: (1) high-flexibility, (2)
high-precision, (3) high-speed, (4) noncontact processing, and (5) substantially
room-temperature processing. The laser welding of dissimilar materials can find
applications in the assembly of sensors, microsystem components, and microflu-
idic devices, as well as the sealing of microelectromechanical systems (MEMS)
and organic light-emitting diodes. In this section, we describe a welding/joining
technique that uses ultrashort laser filamentation.
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Fig. 9.14 Schematic diagram of ultrafast laser microwelding of transparent materials using ultra-
fast laser pulses. (a) When an ultrafast laser pulse is focused on the interface of two substrates,
a filament bridges the two substrates. (b) Localized melting and quenching occur at the interface
of the two substrates around the filament. (c) Resolidification of the materials can result in the
samples being joined (Reprinted with permission from [90])

9.5.1.1 Principle of Femtosecond Laser Welding Using Filamentation

Figure 9.14 shows a schematic diagram of an ultrafast laser welding technique [89].
By focusing an ultrafast laser pulse at the interface between transparent materials
(Fig. 9.14a), a filament bridges the two substrates, and the energy deposited by the
laser pulse melts the materials in the neighborhood of this filament. The melted
material fills up the original gap between the two materials (Fig. 9.14b). By the
subsequent resolidification dynamics, the precise welding of transparent materials
can be realized without any intermediate layers (Fig. 9.14c). Because there is mini-
mal heating outside the focal volume, ultrashort laser joining allows space-selective
joining without requiring the insertion of any intermediate layers, and it can be
applied even to transparent materials with insufficient absorption at the wavelength
used. Arbitrary joint volumes are produced by two-dimensionally translating the
substrates with respect to the focal volume. The gap between the samples in the
joined area should be below �/4 (where � is the wavelength), in order to avoid
ablation at the surfaces of the substrates.

9.5.1.2 Welding of Similar Materials

Tamaki et al. demonstrated the welding of transparent materials using ultrashort
laser pluses [89]. A femtosecond laser system producing 85-fs, 800-nm, 1-kHz
pulses was used to join pieces of glass. A 30-�m-long filament bridged the glass
samples, and a refractive index change was induced within the joint volume.
The sample was two-dimensionally translated with respect to the focal region.
Figure 9.15 shows schematic and optical images of a 4 � 4 array of joint volumes
.100 � 100 � 30�m/ after welding the glass samples by irradiating them with
ultrashort laser pulses with a pulse energy of 1:0 �J and a translation velocity of
0:1mm s�1 [91]. The welding of both borosilicate glass substrates and fused silica
substrates was demonstrated. The joint strength was approximately 15 MPa.
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Fig. 9.15 Schematic and optical images of top and side views after ultrashort laser joining with a
pulse energy of 1:0�J and a translation velocity of 0:1mm s�1 in borosilicate glass

9.5.1.3 Welding of Dissimilar Materials

The welding of dissimilar glasses has also been realized by this ultrashort laser
welding technique. The joining of borosilicate and fused silica glass substrates,
which have different coefficients of thermal expansion, has been demonstrated [92].

9.5.1.4 Ultrashort Laser Welding with High Repetition Rate

With high-repetition-rate lasers, the ultrashort laser welding technique can be achi-
eved based on a localized heat accumulation effect. In this regime, the focused laser
pulses collectively act as a point heat source at the focal volume within the bulk
material when the time interval between successive pulses is much shorter than the
time scale for the diffusion of heat out of the focal volume. The accumulated energy
around the focal volume makes it possible to achieve very high temperatures and
melt the material around the focal volume. The length of the joint volume is elon-
gated due to filamentation and heat accumulation. The ultrashort laser welding of
non-alkali alumino silicate glass substrates was performed based on a localized heat
accumulation effect using an amplified femtosecond Er-fiber laser (1 ps, 1,558 nm,
500 kHz) [93]. Tamaki et al. also successfully demonstrated the welding of a non-
alkali glass substrate and a silicon substrate. The wavelength of the femtosecond
laser pulses was 1,558 nm, where silicon and borosilicate glass are transparent. A
1-MHz ultrashort laser was used to weld borosilicate glass substrates [94,95]. High-
repetition-rate laser pulses are suitable for the rapid welding of glass plates with a
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low glass transition temperature, such as borosilicate glass; however, a complex
pattern of refractive index change is induced within the weld region.

9.5.1.5 Welding Between Transparent Material and Absorbing Material

The ultrafast laser welding technique can be applied to welding a transparent
substrate and one that is opaque at the wavelength of the laser radiation used.
Absorbance on the opaque substrate induces localized melting and subsequent
joining. Glass–silicon welding has been achieved by focusing high-repetition rate
ultrafast laser irradiation (350 fs, 1045 nm, 700 kHz) [96]. At this laser wavelength,
silicon is not transparent. Glass–silicon welding is an important step toward the
welding of semiconductor materials.

9.5.1.6 Femtosecond Laser Welding Between Metal and Glass

As mentioned in the previous section, the technique of ultrashort laser welding is a
powerful tool for joining transparent materials. The ability to weld together different
materials, such as glass and metal, will lead to wider application areas, such as in
the assembly and packaging of microdevices. Nanosecond pulses were used to weld
a glass cover slip and copper ball [97].

Ozeki et al. reported laser welding between copper and glass substrates to demon-
strate the effectiveness of using femtosecond laser pulses compared to nanosecond
ones [98]. Figure 9.16 shows the tensile joint strengths of the welded samples as a
function of the pulse energy. The joint strength was greater than 16 MPa with fem-
tosecond pulses and greater than 13 MPa with nanosecond pulses. Considering the
wide variation in the pulse energy, the dependence of the joint strength on pulse
energy was less significant. Interestingly, the pulse energy required for the welding
was dependent on the pulse width. With femtosecond pulses, welding was success-
ful when the pulse energy was higher than approximately 0:4 �J. On the other hand,
with nanosecond pulses, the pulse energy needed to be higher than 50�J for suc-
cessful welding. Thus, the use of femtosecond pulses reduces the required pulse
energy by two orders of magnitude compared to nanosecond pulses. Presumably,
femtosecond pulses can melt, not only the copper but also the glass, through the
formation of a filament, whereas nanosecond pulses cannot melt the glass due to
the lower peak power. Therefore, the formation of a molten pool with nanosecond
pulses requires a sufficient amount of pulse energy, to allow the glass to be melted
after the thermal conduction from the copper to the glass.

The difference in the required pulse energy results in different morphologies for
the irradiated regions. Figure 9.17a, b show optical microscopic images of the sam-
ples after irradiation by femtosecond pulses and nanosecond pulses, respectively.
The pulse energies of the femtosecond and nanosecond pulses were set to 4 and
100�J, respectively. The black regions correspond to the irradiated areas. These
images show a clear difference at the boundary of the regions. With femtosecond
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Fig. 9.16 Dependence of
joint strength on the
irradiated pulse energy. Filled
circles: welding with
femtosecond pulses. Open
circles: welding with
nanosecond pulses (Reprinted
with permission from [98])
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Fig. 9.17 Reflection optical microscope images of welded copper and glass substrates with
(a) femtosecond pulses and (b) nanosecond pulses, observed from the top of the sample (Reprinted
with permission from [98])

pulses, a separation between the welded regions was clearly present, as shown in
Fig. 9.17a. In contrast, with nanosecond pulses, as seen in Fig. 9.17b, the intervals
almost disappear, due to the effect of excess heat. These results prove that fem-
tosecond pulses are able to precisely control the welded region by suppressing the
excess heat.

Femtosecond laser welding is advantageous because it allows for precise microw-
elding between glass and metal. Because of the different expansion coefficients
of various glasses and metals, mechanical stresses during the melting process are
inevitable. By adopting ultrafast laser welding for glass and metal, this effect is
avoided, which leads to a strong joint strength. Glass–metal welding is important
for the hermetically sealed packaging of electronic components within a single
container; for example, the passivation or hermetic sealing of solar collectors and
electric devices. In particular, hermetic sealing (i.e., an air-tight seal) can secure
electronic components from any external factors that could impact their functions
and workable lifetimes.
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9.6 Conclusion

In this chapter, we reviewed filament formations and modifications in materials,
along with applications of filamentation in microprocessing and microwelding. Pro-
cessing and welding techniques using filamentation produced by femtosecond laser
pulses have the potential for precise and micromachining in bulk solids. Filamen-
tary modifications in bulk transparent materials have a number of features that make
them attractive for a broad range of applications, such as the fabrication of integrated
photonic devices and welding.

References
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Chapter 10
Plasma Electron Kinetics and Distribution
Functions in Laser Fields

Gaetano Ferrante and Roberto Luigi Oliveri

Abstract A concise review of the properties of electron distribution functions in
a fully ionized plasma in the presence of a high-frequency laser field is presented.
In detail is discussed the physical origin of most of the reported results in the case
of strong fields. The presence of a laser field, through the inverse bremsstrahlung
absorption, alters dynamically the roles of and the interplay between electron–ion
and electron–electron collisions shaping the distribution function. Special attention
is paid to the role of e–e collisions in the process of laser–plasma interaction.

10.1 Introduction

When an external field produces or interacts with a plasma, as a rule, the prob-
lem arises concerning the actual shape of the electron distribution function (EDF),
accounting for the electron kinetics in the system. To some extent, the situation is
similar to that arising in a quantum mechanical context, when the knowledge of
the wavefunction of a given system in a external field is a prerequisite to be in the
position to perform calculations of properties and processes characterizing the sys-
tem. Of course, in both cases, the availability of advanced numerical methods and
of powerful computing means gives the possibility to by pass the problem, at least
when only specific information is needed. In general, the problem remains, and the
awareness that the action of an external field may alter the plasma EDF shape and
that these alterations may be relevant for applications has prompted many exten-
sive investigations over the years, both theoretical and experimental, intended to
gain an adequate understanding of the problem. By the way, such an understanding
is necessary if one wishes to induce and/or control specific aspects of the plasma
behaviour.
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In recent years, increasing attention has been paid to the issue of the EDFs of
plasmas under the action of a strong laser field. It is intended that the present chap-
ter gives a concise overview of the methods, ideas, results and implications typical
of this subject. More specifically, we report on the kinetics of electrons in a fully
ionized, two-component plasma under the action of strong high-frequency laser
fields.

Among others, below we report on recent new results on the role of electron–
electron collisions during the electron–plasma interaction and its effect on plasma
heating efficiency and rate, and on a more accurate analysis concerning the issue,
when a laser-modified EDF may be approximated by an anisotropic bi-Maxwellian.
A concise overview of some of the previous work on the present issues may be
found in [1]. Field intensities and plasma electron velocities are confined to the
nonrelativistic domain (classical plasmas). For an overview on the effects of con-
stant electric, radiofrequency and microwave fields on the plasma behaviour, see
[2]. Information on the issues of EDF in the relativistic domain may be found in [3]
and reference therein, and in [4]. A detailed report on EDF formed after tunnelling
ionization may be found in [5].

The equation for the plasma EDF in the presence of a high-frequency radiation
field is known since many years. Besides, for a long time, it has been adequate for
the real physical conditions to consider the electron distribution to be close to a
Maxwellian (or to a Maxwellian in a coordinate system oscillating with the same
frequency as the external field). The situation has changed significantly with the
emergence of powerful sources of laser radiation. Perhaps, the first important indi-
cation for the need of careful investigations concerning the actual shape of plasma
EDF in the presence of a laser field is contained in the paper by Langdon [6] (see
also [7]), where significant results were reported. In [6], the case of a relatively weak
laser field was considered, when the amplitude of the electron quiver velocity vE is
smaller than the thermal velocity vT, but larger than vT=

p
Z; Z being the ionization

multiplicity. In [6], it was shown that, as a result of electron heating due to inverse
bremsstrahlung absorption made possible by electron–ion collisions, in the process
of plasma–laser interaction (LPI), a distribution function is established, exhibiting
a far-reaching depletion of slow electrons. Afterwards, a lot of papers were pub-
lished along the same lines addressing, among other things, the influence on the
EDF of the electron–electron collisions and the plasma spatial nonuniformity (see,
for instance, [8–22]). It has been shown that the establishment of a field-modified
EDF, like that obtained in [6], is responsible for a series of important physical con-
sequences of direct concern to plasma physics applications. In particular, it has been
shown that the field modified EDFs yield, (1) reduction of the absorption coefficient
[6, 17], (2) modification in the characteristics of electron transport [8–10, 17, 20],
(3) reduction in the rates of collisional ionization and ion excitation [23–25], and
(4) reduction in the rate of magnetic field generation [26–28]. That, as a result of
inverse bremsstrahlung absorption of high-frequency radiation, a distribution func-
tion is in fact established, which exhibits slow electron depletion has been confirmed
in [29, 30].
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In the theory of distribution functions of plasma electrons interacting with laser
radiation, a case of particular relevance is that when vE � vT and the influence of
the high-frequency radiation field cannot be accounted for by using a perturbation
treatment. A mostly analytical method to deal with EDFs in strong field situations
has been proposed in [31], where a number of interesting cases were examined as
well. In particular, it has been shown that when the inequalities ZvT > vE > vT

are fulfilled, an anisotropic EDF is formed, which is well approximated by a
bi-Maxwellian. Another way to deal with the problem under examination is to
solve numerically the appropriate kinetic equation, yielding a two-dimensional EDF
[32–35].

The results of the two approaches, when the problem parameters allow compar-
ison, are found to qualitatively agree. Further, numerical calculations have shown
that the field-modified EDF has an anisotropic shape close to a bi-Maxwellian over a
broad parameter range, and in particular also when vE � vT. In [34], it has also been
found that, depending on the parameters, two kinds of two-temperature anisotropic
EDFs are possible namely, one elongated parallel to the laser polarization direction
and, for stronger fields, another elongated perpendicular to it. Besides, the second
kind of EDF, in its evolution, transforms into an EDF of the first kind before relaxing
towards a slow isotropization.

More recent and detailed investigations [36, 37], to be summarized below, show
that while the two-temperature picture and the EDF shape reversal as well are
confirmed, the directions along which the electron velocity components are in the
average larger or smaller are an intricate issue and may not coincide with the “intu-
itive” ones (field polarization direction or direction perpendicular to the laser). The
reported “angular” EDFs are a sensitive test to it.

The fact that anisotropic EDFs may form during the LPI has prompted the gen-
eralization of the theory of high-order harmonic generation in plasmas [38] to the
case when anisotropic heating takes place [39–41] and of the inverse bremsstrahlung
absorption [42]. The possibility of anisotropic two-temperature EDFs has prompted
new investigations into the linear theory of Weibel instability, yielding the genera-
tion of strong quasistationary magnetic fields [43–46]. Plasmas with non-equilibrium
anisotropic EDFs possess unusual optical properties, which where investigated in
[47–51] and reviewed in [52]. As the anisotropic EDF significantly influences the
polarization properties of the plasma X-ray radiation, it is hoped that the new EDF
features, evidenced by theoretical analysis and calculations, might be demonstrated
in experiments like those performed or discussed in [26, 53–55]. Below we discuss
in more detail the most interesting new features of EDFs in a plasma interacting
with a strong, high-frequency laser field.

10.2 Theoretical Framework

The physical phenomena occurring in a fully ionized plasma interacting with a laser
field form a rather large subject. Of particular interest are the processes that take
place in the presence of a high-frequency field of the form
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E cos .!0t � k0r/ ; (10.1)

where E is the electric field strength, k0 is the wavevector and !0 is the frequency
of the wave. In the following, we consider the case when the radiation frequency !0

significantly exceeds the electron plasma frequency !L D .4�e2N=m/1=2, where e

and m are, respectively, the electron charge and mass and N is the electron density.
In this case, the relation between the radiation frequency !0 and the wavenumber k0

given by the dispersion law is similar to that valid in the vacuum !0 � k0c, where c

is the speed of light. We limit ourselves to plasmas with electron thermal velocity vT

much less than the speed of light. This corresponds to the following restriction on
the electron temperature

T .eV / � mc2 � 5 � 105eV: (10.2)

We also assume that the amplitude of the quiver velocity in the high-frequency field
vE D jeE=m!0j is much smaller than c. The last condition corresponds to the
following restriction on the radiation flux density

I D c

8�
E2 � 1:5 � 1018

�
!0.s�1/

2 � 1015

�
W cm�2: (10.3)

Conditions (10.2) and (10.3) are widely employed in modern laboratory experi-
ments. When such conditions are fulfilled, the average distance covered by a thermal
electron during a period of high-frequency laser field � max.vT; vE/2�=!0 is much
shorter than the radiation wavelength �0 D 2�=k0 � 2�c=!0. Then, in a large
number of physical phenomena not connected with radiation momentum transfer
to the plasma, the dipole approximation is valid. Using such an approximation, we
neglect the coordinate dependence in (10.1).

Bearing in mind the above-mentioned conditions, for the EDF f .v; t/ in the
presence of a high-frequency field, we write the kinetic equation

@

@t
f C e

m
E cos .!0t � k0r/

@f

@v
D St.f / C St.f; f /; (10.4)

where St(f) and St(f, f) are, respectively, the electron–ion and the electron–electron
collision integrals. On considering the influence of the electron–ion collisions on the
EDF, it is natural to neglect the small corrections of the order of the ratio between
the electron and the ion masses. With such an approximation for the electron–ion
collision integral, one has the simple expression

St.f / D 1

2
�.v/

@

@vi

.v2ıij � vivj /
@f

@vj

; (10.5)
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where �.v/ is the electron–ion collision frequency

�.v/ D 4�Ze4Nƒ

m2v3
: (10.6)

ƒ is the Coulomb logarithm. Strictly speaking, the explicit form of the Coulomb
logarithm depends on the electron velocity. Nevertheless, below we do not consider
such a dependence and we assume ƒ D const � 1. This simple approximation
permits to avoid the discussion of the weak variation of the Coulomb logarithm with
the electron kinetic energy. If necessary, the dependence of ƒ on the radiation and
the plasma parameters can be taken into account in the final results. The expression
for the electron–electron collision integral has the form:

St.f; f / D 1

2NZ

@

@vi

R
dv0� .jv � v0j/

h
.jv � v0j/2

ıij � �
vi � v0

i

� �
vj � v0

j

�i
	

 
@

@vj

� @

@v0
j

!

f .v; t/f .v0; t/:

(10.7)
Using (10.6) in (7), the additional assumption of neglecting the difference between
the electron and the ion Coulomb logarithms is made.

With the expressions for the collision integrals (10.5) and (10.7), (10.4) is a non-
linear integro-differential equation for the EDF in the presence of a laser field. A
huge number of papers (see, for instance, [6,7,9–22,31–37,56]) have been devoted
to the solution of this equation. Nevertheless, a general solution to this equation
has still not been found. At the same time, in order to describe numerous physical
phenomena occurring in the presence of high-frequency radiation interacting with a
plasma, it is necessary to have an EDF evolving according to (10.4). For this reason,
it is worthwhile briefly to summarize the established results for the EDF available
at this moment.

10.3 Distribution Function in a Weak Field

In this section, we discuss the results for the EDF obtained in the limit of a weak
high-frequency field. A field is considered weak if the amplitude of the electron
oscillatory velocity in the high-frequency field is smaller than the electron thermal
velocity

vE 
 vT: (10.8)

Such an inequality corresponds to a limitation on the radiation flux given by

I < 3 � 1015T .eV /

�
!0.s�1/

2 � 1015

�
Wcm�2: (10.9)
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The condition (10.8) means that for the thermal and suprathermal electrons, the field
may be assumed weak. In this case, the action of the field may be considered as a
perturbation. For slow electrons with a velocity smaller than vE, on the other hand,
the field is strong, and its action on the electrons must be described exactly. Below
we discuss the kinetics of the fast electrons with v > vE. For these electrons, a
solution of (10.4) is looked in the form

f D f0.v; t/ C Re ff1.v; t/ exp.�i!0t/g C : : : (10.10)

where f0.v; t/ and f1.v; t/ are slowly varying during the high-frequency period
2�=!0. The small value of the ratio vE=v permits to neglect the higher harmonics
of the distribution functions fl.v; t/ exp.�il!0t/ with l � 2. It is also assumed that
the field frequency !0 is much higher than the electron collision frequency (6)

!0 � �.v/: (10.11)

Moreover, as !0 � !L � � D �.vT/ in an ideal plasma, the inequality (10.11)
is automatically fulfilled for the thermal electrons with v � vT and indicates,
for slow electrons, the limiting value of v that can be considered in our analysis
v � vT.�=!0/1=3. Taking into account (10.11) from (10.4), one gets

f1 D � eE
m!0

@f0

@v
C e

m!2
0

St

�
E

@f0

@v

	
: (10.12)

In (10.12), the correction due to the electron–electron collision integral is omitted.
This approximation is valid for Z > 1. Using expression (10.12), averaging (10.4)
over the field period 2�=!0, for the distribution function in the linear approximation
for small values of the ratio v2

E=v2, the equation is obtained as

@

@t
f0 C e2

4m2!2
0

.Ei E
�
j C Ej E�

i /
@

@vi

St

�
@f0

@vj

	
D St.f0/ C St.f0; f0/: (10.13)

In (10.13), the term containing the electric field is small compared to the electron–
ion collision integral. This means that in the region of velocities under consideration,
the function f0 is close to the isotropic function

F.v; t/ D
Z

d�

4�
f0.v; t/ (10.14)

where d� is the solid angle of the velocity vector v. The difference between f0

and F is given by the small anisotropy part ıF D f0 � F; jıF j � F . Averaging
(10.13) over the velocity angles and neglecting the small correction given by the
function ıF , for the function F , the equation is obtained as
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@F.v; t/

@t
D v2

E

6v2
@

@v

h
v2�.v/ @F .v;t/

@v

i
C 4�

3NZ
v�.v/ @

@v

�

�

v2
1R
v

dv0v0F.v0; t/ C 1

v

vR

0

dv0v04F.v0; t/

�

�@F.v; t/

@v
C 3F.v; t/

vR

0
dv0v02F.v0; t/

)

:

(10.15)

Subtracting (10.15) from (10.13) and omitting the terms proportional to the second
power of ıF , a linear equation for the function ıF is obtained as

@

@t
ıF � St.ıF / � St.ıF; F / � St.F; ıF / D e2

2m2!2
0

EiE
�
j

�
vivj � 1

3
v2ıij

	

1

v

@

@v

�
�.v/

v

@F

@v

�
: (10.16)

Assuming that at t D 0 the EDF is isotropic, for Z > 1, the approximate solution
of (10.16) is obtained as

ıF.v; t/ D e2

2m2!2
0

�
vi vj � 1

3
v2ıij

	 tZ

0

dt 0EiE
�
j � exp

�
3�.v/.t 0 � t/

� 1

v

@

@v

�
�.v/

v

@F.v; t 0/
@v

�
: (10.17)

The small correction given in (10.17) is useful for the study of physical problems
where the anisotropic part of the distribution function plays an important role. In par-
ticular, (10.17) gives the basis of the Weibel instability analysis. The Weibel insta-
bility leads to the generation of a quasistationary magnetic field in a plasma heated
via inverse bremsstrahlung absorption of a relatively weak electromagnetic radia-
tion [26–28, 57]. A useful peculiarity of (10.17) is that it has been derived without
specifying the form of the large isotropic part of the distribution function F.v; t/.

Let us consider the form of the function F.v; t/ for different situations of interest.
To this end, it is appropriate to introduce the so-called Langdon parameter

˛ D Zv2
E

v2
T

: (10.18)

This parameter is given by the ratio between the electron Maxwellization time Z=�,
determined by the electron–electron collisions, and the electron heating time in the
presence of the field due to the electron–ion collisions v2

T=�v2
E.
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10.3.1 Case ˛ � 1

Let us now consider the condition

vT > vE >
vTp
Z

; (10.19)

which is realized in a plasma with multi-charged ions. Due to the right-hand side
of inequality (10.19), the Langdon parameter is greater than unity, ’ > 1. Then the
electron–electron collisions in (10.15) can be treated as a small correction in con-
sidering the distribution function of the bulk electrons. The approximate equation
describes the evolution of the initial EDF due to electron heating in the high-
frequency field. Such an equation has been considered in [6] where the shape of
the initial EDF has been assumed to be Maxwellian. It has been shown [6] that
because of the electron heating due to the high-frequency field, the underthermal
electrons move in the region of thermal velocity and the resulting EDF exhibits a
significant slow electron depletion. The basic features of the EDF evolution in the
velocity space are reported in Fig. 10.1. The different curves in Fig. 10.1 correspond
to different time moments, which are small compared with the time for the doubling
of the initial electron temperature � 4:5v2

T=�v2
E. For greater times, the EDFs assume

the selfsimilar form [7]

F.v; t/ D 3N

20�
p

5v3
T.t/

�
�

�
8

5

	��5=2

exp

(

� v5

25
p

5v5
T.t/

�
�

�
8

5

	��5=2
)

;

(10.20)
where �.x/ is the gamma function. The effective thermal velocity increases with
time according to the equation

Fig. 10.1 The electron
distribution function (EDF)
evolution due to inverse
bremsstrahlung absorption in
a weak field, according to
Langdon [6]. Curves
correspond to different time
moments
� D �

v2
E�0t

�
=
�
6v2

T0

�
;

�0 D �
�
vT0

�
; vT0

the initial
electron thermal velocity,
vE the electron quiver
velocity. (1) � D 0, (2)
� D 0:1, (3) � D 0:3, (4)
� D 1. The EDF are
normalized to 1=.2�/3=2v3

T0
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v4
T.t/

d

dt
vT.t/ D 1

30
p

5

�
�

�
8

5

	��5=2

�.vE/v5
E: (10.21)

The self-similar EDF (10.20) is formed because of the very rapid inverse bremsst-
rahlung heating of the electrons. Figure 10.1 clearly shows that the energy is mainly
absorbed by the slow electrons, and consequently, the EDF portion which suffers
the most significant rearrangement is that related to the slow electrons.

With the aim of future comparisons, F.v; t/ (10.20) is rewritten as

FL.v; t/ D ˆL.t/ exp



�2

5
B0"5=2



; (10.22)

with

ˆL.t/ D 1

20�
p

5v3
T.t/

�
�

�
8

5

	��5=2

; (10.22a)

B0 D
�

2

5

	3=2 �
�

�
8

5

	��5=2

; (10.22b)

and

" D mv2

2	T
D 1

2

v2

v2
T.t/

(10.22c)

being 	 the Boltzmann constant.

10.3.2 Case ˛ � 1

In this limit [56], the electron–electron collisions play a crucial role in determin-
ing the shape of the thermal electrons distribution, which is found to approach a
Maxwellian. The conditions for the under-thermal electrons are different. To take
into account the heating of the under-thermal electrons due to the absorption of the
high-frequency field, in the region of small velocities,

vE � v � vT; (10.23)

for the electron–electron collision integral St.F; F /, the approximate form is used

St.F; F / D
p

2�

3
p

�Zv2

@

@v

�
v3

�
vT

v

@

@v
F.v; t/ C F.v; t/

	�
: (10.24)
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With the help of formula (10.24), it is possible to obtain the quasistationary solu-
tion of (10.15). This solution is reached after a time interval of the order of
vT=v.vL/v2

E � Z=�, and F has the form [56]

F.v; t/ Š 1

.2�/3=2v3
T

exp

2

4� 1

v2
T

vZ

0

u4

u3 C v3
L

du

3

5 (10.25)

with vL D vT

�
˛
p

�=8
�1=3

< vT. In the velocity regions where v � vT and when

v � vT, the distribution (10.25) becomes Maxwellian. The shape of the distribution
(10.25) depends on time via the thermal velocity vT, which increases with time
because of the electron heating due to the absorption of the high-frequency field
according to

d

dt
v2

T D 2

9
p

2�
� v2

E: (10.26)

In the conditions under consideration, the distribution (10.25) is numerically close to
a Maxwellian. Nevertheless, if the velocity v is small enough v 
 vL, the derivative
of function (10.25) is different as compared to that of a Maxwellian. This discrep-
ancy is important for the theory of parametric instabilities. As shown in [56, 58], an
adequate description of phenomena such as filamentation and stimulated Brillouin
scattering is possible only taking into account the variation of the EDF due to inverse
bremsstrahlung absorption.

10.3.3 Case of Arbitrary ˛

In this case [16], Z is arbitrary and e–e collisions are treated on the same footing as
e–i collisions.

Following a procedure in which numerical calculations and asymptotic consider-
ations are jointly exploited, the self-similar EDF is obtained in the form

F.v; t/ D ˆ.t/ exp

(

� "5=2 C 2=5
�
˛B"4

�

.1 C ˛/"3=2 C 5=2Œ.˛/=B.1 C ˛/


)

; (10.27)

where " is defined by (10.22c), ˆ.t/ is the EDF normalization depending on time
through vT .t/

B D B0 C
�

0:016

˛ C 0:06

	4=5

(10.27a)

˛ is the Langdon parameter (10.18) and B0 is given by (10.22b).
In the limit ˛ � 1 (very small fields, high electron velocities and not very

large Z), (10.27) goes over, as it must, to a Maxwellian:
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F.v; t/ ! FM.v; t/ D 1

.2�/3=2v3
T

exp f�"g; (10.28)

In the opposite limit ˛ � 1 (high Z), the Langdon EDF (10.22) is recovered.
Concerning the results reported in this Section, a couple of comments are nec-

essary. The self-similar EDF (10.22) predicts tail truncation, namely, a significant
rearrangement of the EDF also in the high-velocity region. However, this second
feature is physically ungrounded, especially in the absence of electron–electron col-
lisions, as the energy exchanged by fast electrons and the laser field is very small,
and the EDF of fast electrons remains close to the initial Maxwellian for long peri-
ods. Thus, caution must be exercised in using the EDF (10.22) in applications where
fast electrons play a significant role.

The self-similar EDF (10.25) for velocities v � vL predicts a slow electron
depletion like the Langdon EDF. Such a behaviour too is ungrounded as the phys-
ical parameters under which it has been obtained imply that the EDF must remain
essentially close to a Maxwellian.

The self-similar EDF (10.27) exhibits, in general, a behaviour vs v intermedi-
ate between FL (10.22) and FM (10.28), with the same temperature as shown by
Fig. 10.2.

Remarkable is the behaviour of the EDF (10.27) at very low and very high veloc-
ities. Further investigations on the plasma EDFs in weak fields have been reported
in [19, 21, 22]. The results of [19] largely support the findings of [16], while those
of [21, 22] address the issue of the EDF anisotropy and of e–e collisions role in the
weak field domain. The formation of self-similar distributions leads to significant
changes in the values of plasma parameters such as the absorption coefficient [6,17],
the electron transport coefficients [8–10,17,20], the rate of radiation recombination
processes [23–25] and the growth rate of many instabilities [26–28, 56, 57].

Fig. 10.2 Comparison of the EDF (10.27) of the main text (solid line), with the exact numerical
solution of the kinetic equation (10.4) (circles). A D 0:4; Z D 10; E D 1:5 � 109V=cm;

t D 10�9 s; Te D 55:2 eV initial electron temperature, B D 0:406. For completeness, also plotted
are the Langdon (10.22) (dashed line), and the Maxwellian (10.28) EDFs (dots). (After [16])
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10.4 Distribution Function in a Strong Field

In this section, we consider the electron kinetics in a strong laser field, when the
condition

vE > vT (10.29)

is fulfilled. In this case, it is useful to remove the rapid oscillations from (10.4) by
transformation to the new velocity variable

u D v � vE sin !0t (10.30)

Then, in a cylindrical coordinate system with the anisotropy axis directed along the
direction of polarization of the high-frequency field, for the distribution function in
the oscillating system

Fos.u; t/ D f .u C vE sin !0t; t/; (10.31)

the equation is obtained [31] as

@

@t
Fos D 1

u?
@

@u?

�
u?D??

@

@u?
Fos C u?D?z

@

@uz
Fos

�

C @

@uz

�
D?z

@

@u?
Fos C Dzz

@

@u?
Fos

�
C St.Fos; Fos/: (10.32)

The (10.32) has been obtained taking into account the axial symmetry of the electron
distribution. In (10.32), the diffusion tensor in the velocity space oscillates with
time as

0

@
D??
D?z

Dzz

1

A D v3
E�.vE/

2 ju C vE sin !0t j3

0

@
.vz C vE sin !0t/2

�u?.vz C vE sin !0t/

u2?

1

A : (10.33)

In the oscillating coordinate system, the electron–ion collision integral takes a dif-
ferent form, while the electron–electron collision integral is always given by (10.7)
with f replaced by Fos. The field has no effect on the electron–electron collisions
due to the dipole approximation.

10.4.1 Analytical Investigations

In a very strong field, when the condition

vE > ZvT (10.34)
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is fulfilled, the electron–electron collisions dominate in the EDF evolution, while
the decrease in importance of the electron–ion collisions implies a concomitant LPI
decoupling with the ensuing reduction of the laser energy deposition in the plasma.
In such conditions, the establishment in the oscillating coordinate system of the
Maxwellian EDF

Fos D 1

.2�/3=2v3
T

exp

�
� 1

2v2
T

.v � vE sin !0t/2

�
� FM.u/ (10.35)

takes place, and the residual electron heating, with logarithmic accuracy, is described
by the equation

d

dt
v2

T D 4

3�
�.vE/v2

E ln

�
vE

vT

	
: (10.36)

Equation (10.36) is obtained by integrating (10.32) over the velocities with the
weight mu2=2 and averaging it over the high-frequency field period.

Of particular importance and relevance to present-day laboratory conditions is
the case when

ZvT > vE > vT; (10.37)

which implies moderately strong fields and covers a physical situation opposite, to
some extent, to that of (10.34). In fact, if conditions (10.37) are satisfied, one can
omit the electron–electron collision term in (10.32). For time intervals greater than
the high-frequency field period t � 2�=!0, taking into account that u < vE, one
can replace in (10.32) the diffusion tensor (10.33) by its average value over the
high-frequency field period

0

@
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D?z

Dzz
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A D 1
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0
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4vE
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�
� 1

0

1
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A (10.38)

Equation (10.32) with the coefficients (10.38) and without the electron–electron

collisional integral can be solved approximating ln.vE=u?/ by ln
�
vE

p
2	T?=m

�
,

where T? is the effective electron transverse temperature. The solution of (10.32)
and (10.38) with the initial condition that at t D 0 the distribution is an oscil-
lating Maxwellian Fos.u; t D 0/ D FM.u/ and the boundary condition Fos.u !
1; t/ D 0 has the form [31]

Fos.u; t/ D m3=2

.2�	/3=2T?
p

Tz
exp

�
� mv2?

2	T?
� m.vz � vE sin !0t/2

2	Tz

�
: (10.39)

(10.39) is a two-temperature anisotropic EDF, oscillating along the field direction,
having the analytical form of a bi-Maxwellian.

The early evolution of the transverse and longitudinal effective temperatures T?
and TZ is described by the heating equations
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d

dt
T? D 1

�
m�.vE/v2

E

�
ln

�
8mv2

E

	T?

	
� 3 C C

�
; (10.40)

	
d

dt
Tz D 2

�
m�.vE/v2

E; (10.41)

where C Š 0:577 is Euler’s constant. A comment on the validity of heating
equations (10.40) and (10.41) is given in the following sub-section.

10.4.2 Numerical Investigations

The important, intermediate region when the external field is strong and both
electron–ion and electron–electron collisions need to be taken into account in the
same footing cannot be dealt with analytically, and direct numerical solution of the
kinetic equation is required.

This task has been dealt with in a series of publications [32–37], and the main
results of numerical calculations are summarized and discussed in the next Section.
Here we anticipate with the help of Fig. 10.3 some general features concerning the
EDF shape and its evolution in the space of electron velocities for sufficiently strong
fields. Figure 10.3 shows qualitatively the evolution of the anisotropy parameter

TZ < T^

TZ > T^

a < 1

a > 1

Elongated EDF

Squeezed EDF 

a2(t)

t1

(in velocity space) 

TZ

E // Z
r

TZ 

T^

T^

Fig. 10.3 Characteristic time-evolution of the anisotropy parameter a.t/ D p
.TZ/=.T

?

/ in
strong fields, providing information on the EDF shape and its evolution. a.0/ D a0 D 1 – ini-
tially isotropic EDF. When a > 1, in the velocity space the EDF has roughly the shape of an
ellipsoid obtained by rotating around the larger axis an ellipse having the two temperatures TZ and
T

?

along its axes, with the larger one along the field. When a < 1, the ellipse to be rotated has
the larger axis .T

?

/ perpendicular to the field. For the two cases a > 1 and a < 1, sometimes, the
related EDF shapes are called respectively “sigar-like” and “pancake-like”. a D 1 corresponds to
a spherical EDF
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a.t/ D
s

2Nu2
Z.t/

Nu2?.t/
D
s

Tz

T?
(10.42)

obtained calculating

Nu2
˛.t/ D

R
u2

˛.t/fC.u/d3u
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fC.u/d 3u
; ˛ D Z; ? (10.43)
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Nu2

Z ; (10.44)
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�Nu2
x C Nu2
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� D m

k
Nu2

?; (10.45)

and fC.u/ the numerical EDF solution of the kinetic equation. The plasma electrons
overall temperature is T D .2T? C TZ/=3, and when the EDF is isotropic a D 1

and T? D TZ . In Figs. 10.3–10.6, a2.t/ is plotted instead of a.t/.
Figure 10.3 shows that for sufficiently strong fields (to be specified below), an

initially isotropic EDF, a.0/ D 1, becomes squeezed .a < 1/ in the field polariza-
tion direction (z direction). In other words, the electron velocity components along
z are on the average smaller than those perpendicular to z; TZ < T?. Figure 10.3
shows also that a.t/ in its evolution becomes greater than 1, TZ > T?, meaning
that now the EDF is elongated along z, with a reversal of its shape. Further, the
EDF appears to evolve slowly towards isotropization from the elongated form. We
note that the heating equations (10.40), (10.41) give only the early evolution of a.t/

when it starts to become smaller than one; all the remaining evolution as schemati-
cally shown by Fig. 10.3 is not accounted for. For fields not particularly strong, a.t/

never becomes smaller than one taking from t D 0 values slightly greater than 1.
For initial values of a different from 1 (initial anisotropic EDFs, a.0/ > 1 or

a.0/ < 1), the a.t/ curves differs from that of Fig. 10.3 essentially in the first, early
time part, when a.t/ keeps still memory of the initial conditions.

10.5 Main Results of Numerical Investigations

10.5.1 Characteristic Parameters and Their Behaviour
in the Course of Laser–Plasma Interaction

As repeatedly seen above, the investigations concerned with EDF shape and its
evolution are based on the kinetic equation (10.4) in which plasma electrons are
assumed to interact with the external field, the plasma ions and with themselves.
Within such a physical framework, a key role is played by the behaviour of few



198 G. Ferrante and R.L. Oliveri

characteristic parameters. Most of the reported results are easily understood on the
basis of such parameters.

a) The most important is the ratio

R.t/ D vE=vT.t/; (10.46)

which during the LPI monotonically decreases, due to the electron heating and
the increase of the thermal velocity vT.t/. As seen above, R < 1 identifies a
physical situation where the plasma electrons experience the external field as
weak. R � 1 and R � 1 identify, respectively, moderately strong and very
strong field situations. As R.t/ decreases with time, an intense field with ini-
tially R.0/ � 1, in the course of electron heating is gradually experienced by
electrons only as a moderately intense (with R � 1), and ultimately as weak
.R < 1/.

b) The ion charge Z. High values of Z usually allow to neglect e–e collisions. In
strong fields, Z � 1 is not sufficient to do so. It must be supplemented by the
requirement Z > R.t/. The reason is that very strong fields .R � 1/, forcing
the electrons to oscillate very fastly, with vE � vT.t/, reduce the e–i collision
cross sections and thus electron heating but leave unaffected e–e collisions (in
dipole approximation), which may become dominating or not negligible even
when Z is high. As R.t/ decreases with time, an interaction started in a phys-
ical situation when Z < R, with time enters into a stage in which the reverse
becomes true Z > R and the e–e collisions loose part of their relevance.

c) Effective collision frequencies vei and vee.

The different behaviour of �ei and �ee in different physical stages is ultimately
responsible for the anisotropy in EDF shape and in electron heating.

Let us briefly discuss how R.t/ and the other parameters influence the processes
under consideration. Plasma heating is proportional to the effective e–i collision fre-
quency �ei, which depends on the electron velocity as u�3 (see (10.6) and (10.30)).
uZ D vZ � vE cos !t; u? D v?. In the following the initially EDF is assumed
isotropic.

1. When R < 1, the velocities of the plasma electron bulk in the different directions
are on the average greater than vE. �ei is only weakly affected by the laser field
E and remains practically isotropic, and so do the heating and the EDF shape.

2. When R � 1; vZ and v? are on the average comparable with vE, and the com-
ponent uZ may become very small for significant fractions of the field period.
As a result, the collision frequency of electrons flying mostly along the field (let
it be �

==
ei ) is larger than that of electrons flying mostly perpendicularly to it

�
�?

ei

�
.

As a consequence, electron heating is more effective along the field. Thus, in the
regime R � 1, one has �

==
ei > �?

ei ; TZ > T? and the EDF takes a shape elongated
in the field direction.

3. When R � 1; vE is on the average much greater than all the plasma elec-
tron velocities of interest for the process under consideration. For this regime,
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�
==
ei � vE

�3, while the characteristic velocities of �?
ei are much smaller than

vE. Thus, �?
ei > �

==
ei , and heating is more effective perpendicularly to the field

.T? > TZ/, and the EDF takes a shape squeezed along the field direction. An
initially isotropic EDF starts to evolve towards a squeezed shape when R.t D 0/

values, under broad conditions, are equal or larger than 4�5. However, with time,
an initially large R.t/, thanks to the vT.t/ increase, diminishes to values only
slightly larger than one .R � 1/. The physical situation of the previous point 2)
is thus restored: again TZ > T?. The result is the reversal of the EDF shape from
squeezed to elongated (with respect to the field direction). We note that the EDF
shape reversal implies the interesting facts that isotropization is still to come and
that, eventually, it will be approached always from an elongated shape.
From the above discussion [especially points (a) and 1–3], it implicitly follows
that the small anisotropy and heating taking place when R < 1 will be of the
elongated type with TZ > T?, [21].

4. The considerations of the previous points 1–3 apply also to the interplay between
�ei (more precisely �

==0
ei and �?

ei ) and �ee. Here the only new consideration to keep
in mind is that �ee is not affected by the field E, as �ee does not contain vE due to
the dipole approximation, and accordingly does not suffer the modifications, due
to the field strength, undergone by �ei.

As a final comment, it must be observed that R is a very predictive parameter insofar
as the laser field has a constant amplitude. For short-pulsed fields [59] or for cases
when more than one field act simultaneously [60], as vE too changes with time, the
R values require, as a rule, a more detailed physical interpretation.

In conclusion, in strong laser fields, the electron kinetics, the EDF shape and the
heating characteristics are controlled by a dynamic interplay between the changing
roles of e–i and e–e collisions in different moments of LPI, with the laser field
depositing energy in the plasma through e–i collisions.

10.5.2 Results of Selected Calculations. EDF Shape Evolution
and Role of e–e Collisions

Figures 10.4–10.7 report on calculations concerning the EDF shape evolution for
the cases when the initial EDF is an isotropic Maxwellian (Fig. 10.4) and when
instead is a bi-Maxwellian with both a > 1 and a < 1 (Fig. 10.5).

The results reported in Fig. 10.6 are concerned with the EDF shape evolution,
comparing the two cases when the e–e collisions in the solution of the kinetic equa-
tion are included and when not. A similar comparison is carried out in Fig. 10.7
where results on electron heating are reported. Most of the reported results are eas-
ily understood on the basis of the considerations given in the previous subsection,
so that we may confine to few specific remarks. Among the aims of the reported
calculations, there is the wish to disentangle the contribution due to e–e collisions,
in both the cases when they are expected to be important and when not. To the best
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Fig. 10.4 Evolution of
a2.t/ D TZ=T

?

, with TZ

and T
?

the effective electron
temperatures parallel and
perpendicular to the laser
electric field; (1)
Z D 10; R0 D 4:15; (2)
Z D 10; R0 D 8:89; (3)
Z D 10; R0 D 11:88; (4)
Z D 20; R0 D 11:88. For all
the curves a0 D 1

Fig. 10.5 Evolution of
a2.t/ D TZ=T

?

, with TZ

and T
?

the effective electron
temperatures parallel and
perpendicular to the laser
electric field; (1)
a0 D 1:1; R0 D 11:88; (2)
a0 D 1:1; R0 D 4:15; (3)
a0 D 0:1; R0 D 11:88; (4)
a0 D 0:1; R0 D 4:15. For all
the curves Z D 1

of our knowledge, the issue for strong fields until now has been not sufficiently
addressed. Preliminary results are reported in [1,36,37,59]; for the weak field case,
see [16, 19, 21, 22, 61].

In absence of an external field able to deposit energy into the plasma, the role
of e–e collisions is quite well understood. It consists in randomizing the electron
velocities and in making the EDF isotropic and Maxwellian. Besides, insofar as the
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Fig. 10.6 Evolution of a2.t/ D TZ=T
?

; continuous line – both e–i and e–e collisions included
when solving the kinetic equation; dashed line – e–e collisions omitted; (a) R0 D 4:15; Z D 10;
(b) R0 D 8:89; Z D 10; (c) R0 D 11:88; Z D 20; For all the cases a0 D 1

dipole approximation is adopted, the term in the kinetic equation accounting for e–e
collisions remains unchanged as compared with the field-free case.

The reported calculations, which are restricted generally to the first 50 field
periods, show among other the following.

The EDF shape evolution, irrespective of the initial a.t/ value, takes place more
rapidly, as compared with the case when e–e collisions are neglected, but there are
only weak or no indications concerning randomization. Shape reversal is observed.

The initially elongated anisotropy is increased, the increase being larger for the
stronger field despite the decreased role of e–i collisions. When the field is strong,
even if Z � 1, e–e collisions are responsible of (1) a faster energy redistribution in
favour of the electron degrees of freedom parallel to the field polarization direction
and (2) a faster and larger heating (Fig. 10.7).
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Fig. 10.7 Evolution of average kinetic energies (in eV) along and perpendicularly to the laser
field direction, solving the kinetic equation with e–e collisions included (continuous lines) and
neglected (dashed lines). (a) R0 D 11:88; a2

0 D 0:05; Z D 1; (b) R0 D 11:88; a2
0 D 4; Z D 1;

(c) R0 D 8:89; a2
0 D 1; Z D 10; For the sake of comparison, the parallel energy is multiplied by

2 as the perpendicular energy is formed by 2 equivalent degrees of freedom

We conclude the comments on the observed role of e–e collisions in the inter-
mediate stages of LPI reminding basic facts helping to appreciate the novelty of the
reported data: (1) energy deposition in the plasma is made possible only through
electron–ion collisions, (2) absorption is more effective for slow plasma electrons
and (3) heating of slow electrons yields a decrease of e–i collisions role and a satura-
tion in absorption (a sort of bottleneck in heating process). Evidently, in the evolving
LPI, the e–e collisions not only redistribute the energy among the degrees of free-
dom but at the same time also remove the bottleneck transferring part of electrons to
still higher energies, making possible the inverse bremsstrahlung absorption to keep
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going. Moreover, R.t/ drops to values only slightly larger than unity .R.t/ 
 4/,
and heating along the field becomes more effective. It, when appropriate, yields the
shape reversal with the ensuing delay of randomization to larger times. It is worth
to be noted that some of the observed features are found also in the weak field case
[16, 19, 21, 22, 61]

10.5.3 “Angular” Electron Distribution Function

As seen above, calculations frequently show that the EDF is anisotropic with two
temperatures in the velocity space. As a rule, the observations are based on the
evaluation of the electron average kinetic energies (effective temperatures) along
and perpendicularly to the field polarization direction. Thus, the informations on
the EDF anisotropy are based in an essential way on the calculation of two integral
quantities, TZ and T?. On the other hand, as mentioned above, both analytical and
numerical investigations have shown that under rather broad conditions during LPI,
the establishment of a bi-Maxwellian EDF (10.39) is possible.

Below we introduce the “angular” EDF, which is a more sensitive quantity as
compared to EDF depending on the absolute values of velocity; more to the point,
this new quantity is particularly suited when issues such as EDF anisotropy or
anisotropic heating are of interest. For the aim of a comparison, two angular EDFs
are now defined starting from the numerical solution of the kinetic equation fC

and from the analytical bi-Maxwellian EDF fBM, both functions taken in spherical
coordinates.

The normalized bi-Maxwellian EDF (10.39) in spherical coordinates looks like

fBM.u; #; �; t/ D CZC? exp



� m

2kTZ

u2 cos2 # � m

2kT?
u2 sin2 #




D CZC? exp



� m

2kTeff
u2


 (10.47)

with

Teff D TZT?
T? cos2 # C TZ sin2 #

(10.48)

CZ D
�

m

2�kTZ

	1=2

; C? D m

2�kT?
(10.48a)

Integrating (10.47) over all the absolute velocities and azimuthal angles, one finds
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fBM.#; t/ D 1

2

T
1=2
? TZ

�
T? cos2 # C TZ sin2 #

�3=2
; (10.49)

the “angular” EDF corresponding to the bi-Maxwellian (10.49), a part of the time
dependence through the temperature, is a 1D-EDF depending on the polar angle # .
dN D Nf BM.#; t/d# is the number of electrons in a unit volume and at time t in the
small polar angle interval #; # C d# with all the possible absolute velocities and all
the azimuthal angles. If T? D TZ (isotropic EDF) (10.49) goes over to the result
expected for a Maxwellian fM with the temperature T D .2T? C TZ/=3:

fBM.#; t/ ! fM.#; t/ D 1

2
: (10.50)

Proceeding similarly for the calculated 2D-EDF fC.u; #; �; t/, the angular 1D-EDF
is defined

fC.#; t/ D
2�Z

0

d�

1Z

0

u2dufC.u; #; �; t/: (10.51)

Figures (10.8–10.10) show some calculations of fC.#; t/ and fBM.#; t/ vs the polar
angle # at different times, aimed in particular at getting a more accurate represen-
tation on how close a calculated two-temperature EDF is to a bi-Maxwellian. In
fact, the angular EDF is a sensitive quantity giving on the EDF shape and evolution
significant supplementary information with respect to two integral quantities such
as the effective temperatures and their ratio a.t/ at different times. We note that
interesting information may be obtained in other ways as well, working either in
cylindrical coordinates or in spherical ones. Another possibility, for instance, is to
compare the 1D-EDF fC.u; t/ and fBM.u; t/ vs the absolute values of the velocity u.
The comparison vs # is certainly more sensitive and in some cases spectacular.

The results reported in Figs. 10.8–10.10 follow from calculations based on the
following procedure:

1. The 2D kinetic equation is solved propagating from t D 0 a Maxwellian
fM; a.t D 0/ D a0 D 1 or a bi-Maxwellian fBM of elongated .a0 > 1/ or
squeezed .a0 < 1/ form.

2. At some field periods the effective temperatures T? and TZ are calculated (using
the calculated fC at those moments).

3. T? and TZ are then inserted into the bi-Maxwellian. It amounts to assume that
during the laser–plasma interaction, the initial EDF has taken or kept the exact
shape of a bi-Maxwellian (oscillating reference frames are generally understood).
For t > 0, the trial bi-Maxwellian de-facto is forcedly assumed to undergo self-
similar evolution, but admitting shape reversal.

4. According to 1–3, at a given time moment, one has two anisotropic, two-
temperature EDFs, the one calculated exactly fC and the bi-Maxwellian fBM.
Both have the same total temperature T . From now on, the two EDFs may
compared vs time in several ways.
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Fig. 10.8 The angular EDF fC.#; t/, (10.51), and fBM.#; t/, (10.49), vs the polar angle at different
time moments of the laser–plasma interaction. Only the upper half of the polar plane is considered,
the lower half being a repetition of the upper one. The curves .a0/ and .b0/ differ from (a) and (b)
in that e–e collisions are neglected. In the curves (a) and .a0/, Black curves – fBM; Gray curves –
fC; Continuous curves at 1 periods; Dashed curves at 10. In the curves (b) and .b0/, Black curves –
fBM; Gray curves – fC; Continuous curves at 30 periods; Dashed curves at 50 periods; Constant
line at 0.5 in the ordinate corresponds to the constant value of a Maxwellian, (10.50) of the main
text. The laser field direction corresponds to � D 0 and � . For all calculations, R0 D 4:15I a0 D 1

The most important observation concerning the comparisons of fC.#; t/ vs fBM.#; t/

is that in the first stages of interaction (50 field periods) in several situations, due
to the interplay of �ei and �ee, the calculated EDF is more structured than fBM. It
may acquire a four-lobe shape, rather symmetrically located in the polar plane (see
Figs. 10.8 and 10.10). It is considered an indication that definitions of new effec-
tive temperatures, other than T? and TZ , could be required. As a rule, e–i collisions
appear to favour the establishment of two-temperature anisotropic EDFs like a fBM.
As before, e–e collisions favour faster heating and energy redistribution among the
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Fig. 10.9 As in Fig. 10.8 with R0 D 11:88I a0 D 2

degrees of freedom. The joint action of both e–i and e–e collisions yields a more
structured EDF, with evolving shape and lobes.

10.6 Conclusions

In this chapter, we have reported on the most significant available information
concerning the plasma electron kinetics, the distribution function and heating for
several physical conditions of LPI. The considered plasma is homogeneous and non-
relativistic the laser is single-mode. Appearance of anisotropy of varying form in
different physical quantities (in the velocity and energy spaces) as a result of strong
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Fig. 10.10 Shape of angular EDF FC.#; t/ vs � at four different interaction times (in units of the
field period, T ) in the angular interval from � D ��=2 to � D �=2. 1– 1T; 2 – 10T; 3 – 30T; 4 –
50T; curves 20 and 40 – shapes of the angular bi-Maxwellian fBM with the same temperatures of
the calculated FC.#; t/ at, respectively, t D 10T and 50T. (a) Z D 10; R0 D 11:88; a0 D 2; (b)
Z D 10; R0 D 4:15; a0 D 1. The line at 0.5 in the ordinate corresponds to the constant value of
a Maxwellian, (10.50) of the main text. The laser field direction corresponds to � D 0

LPI is, perhaps, the most significant feature brought about by a strong field, capable
of far-reaching effects.

The theoretical investigations are based on a kinetic equation that accounts for
the electron distribution function evolution on the basis of three kinds of elec-
tron interactions: (1) with the laser field, (2) with the plasma ions and (3) with
themselves.

The known behaviour of the above interactions in different ranges of pro-
cess parameters allows a clear understanding of the obtained results and gives a
transparent physical picture of all the considered stages of LPI.

Of course, real plasmas and real laser systems may significantly depart from the
“ideal” models chosen here which, by the way, are used in most of the investiga-
tions. In real physical conditions, some of the reported features may be more or less
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altered. Existing experimental evidence, however, lend essential support to the basic
results obtained in the important subject of EDFs in strong LPI.

Practically unanswered in this overview remains the question of the final EDF
isotropization in a strong field, due to the limitations in our calculations concern-
ing the LPI times (as a rule, 50 field periods). In any case, isotropization will be
approached from an anisotropic, self-similar shape elongated in the laser field direc-
tion. The issue is complicated by the circumstance that at large LPI times, other
interaction mechanisms enter into play, making the present theoretical framework
inadequate. The onset of Weibel instability is the most significant among them.

In the first few periods of interaction, a strong rearrangement takes place in the
EDF, mostly concerning slow electrons. e–i collisions alone are found to favour,
with time, the establishment of two-temperature EDFs, which under broad condi-
tions, may be approximated by an analytical bi-Maxwellian. e–e collisions are found
to play an enhanced role in LPI. They accelerate considerably the heating process
and make it more effective especially along the field, removing the bottleneck in
the absorption observed when e–i collisions dominate. Consequently, they acceler-
ate the EDF evolution without, however, suppressing the reversals of the EDF shape
from elongated to squeezed and viceversa. A peculiar feature is that, with time, the
heating weakens the e–e collisions role and restores the conditions �

==
ei > �?

ei ; as a
result, EDF evolves towards randomization from the elongated shape. In the pres-
ence of e–e collisions, the angular EDF is more structured, exhibiting in same cases
lobes symmetrically placed in the polar plane. It suggests that the usual definition
of the temperatures TZ and T? may become inadequate.
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Chapter 11
Ion Acceleration by Ultra-Intense Lasers:
Analysis of Contrast Effects

Alessandro Flacco and Dimitri Batani

Abstract The temporal profile of a intense laser pulse impacts in various ways
the physics and the evolution of the ion acceleration process. In most experimental
cases, the amount of light that precedes the main intensity peak gets intense enough
to initiate the ionization of the target; among the consequences, the modification of
the target structure, the laser-plasma interaction and the dynamics of ion acceler-
ation have been extensively investigated. In this contribution, we discuss the most
important effects related to ion acceleration with ultra-intense, sub-picosecond laser
pulses.

The production of accelerated proton beams from laser-matter interaction has been
firstly obtained by Gitomer [1], after the growing interest in the late seventies on the
presence of ion signals of various species during the expansion of laser produced
plasmas (see for instance [2]). Further studies have shown the presence of protons
among the set of accelerated species, independently of the type of target material.
In forthcoming decades, interest increased on the use of laser matter interaction at
relativistic intensities as a way to produce accelerated bunches of charged particles.
The main interest in the feasibility of plasma based accelerating structures resides
in the fact that very high transient electrostatic fields can be held by the plasma
medium (exceeding several TV=m), possibly opening the way to a new approach to
the production of particle beams.

The techniques for accelerating particle beams by laser interaction with solid
targets have received a huge improvement during the past decade, made possible by
the introduction and technological development of Ti:Sa (Titanium doped Sapphire

1Chirped Pulse Amplification [3].
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crystal)-based CPA1 laser systems. Ti:Sa crystals support a broader spectrum, which
therefore enables the creation of shorter laser pulses. Commercially available Ti:Sa
oscillators produce trains of laser pulses with FWHM2 durations as short as several
femtoseconds. High-power (>100 TW) commercial laser systems can deliver pulses
at a repetition rate of several Hz with a per-pulse FWHM duration of 20–30 fs. The
benefits of using shorter laser pulses reside in the fact that higher peak intensities
can be reached with limited energy content. Laser systems with reduced energy are
smaller and can work at higher repetition rates. These features go in the direction of
the production of laser-based particle accelerators.

In this contribution, we review some of the effects that can be triggered by the
spatial and temporal features of the laser pulse during the interaction with thin solid
targets.

11.1 Laser Proton Acceleration

In the following scenario of laser particle acceleration, the laser pulse interacts with
an overdense micrometric target, !pe > !laser, being !pe D p

nee2= ."0me/ the
electron plasma frequency of the target material and !laser D 2�c=� the pulsation
of the incoming laser radiation.

The laser starts to ionize the material as its intensity increases over a cer-
tain threshold, depending on the material and the nature of the laser beam (see
Sect. 11.2): during the forthcoming interaction between the laser and the plasma,
the freed electrons start quivering in the laser field, and important collective mech-
anisms are set up.

As the normalized potential of the laser field approaches the relativistic limit
of a0 D eA=mc D 1, at intensities in the order of I � 1018 W cm�2, the tem-
perature of heated electrons strongly increases. Different mechanisms have been
recognized that produce an energy transfer between the laser field and the electrons
in the plasma (see [4–6] and references therein). This last is usually modelled as
a two temperature plasma, where two maxwellian electron populations do exist, a
colder one (density nc , temperature Tc) that remains in equilibrium with the ions of
the material and a hotter one (nh, Th) that gains energy from the laser field [7,8]. The
relative importance of the various heating mechanisms, in terms of number of heated
electrons and temperature of the hot electron population, depends on the interaction
parameters, including the angle of incidence, the duration of the laser pulse, the den-
sity profile of the expanding plasma and the length of the density gradient. This last
parameter, in particular, has been observed to be very important.

As an upper cut-off to the maximum temperature electrons can reach, it should
be considered the energy they acquire in their quivering motion, i.e. their energy in
the laser electromagnetic potential. According to [9]:

2 Full width at half maximum.
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"h D mec2

�q
1 C a2

0 � 1

�
(11.1)

As an example, an electron quivering in a field of 1018 W cm�2 acquires a kinetic
energy of "h D .

p
2 � 1/mec2 � 200 keV.

The use of laser produced plasmas as a source of accelerated ions originates in the
separation of charges that is set at the plasma-vacuum boundary of the expanding
plasma. The problem of a two-temperatures plasma expansion in the vacuum has
been addressed analytically and numerically in a wide set of works, see for example
[10–13].

In most of the experimental cases, the plasma is created by focusing the laser
beam to a tiny spot on a thin solid foil. The hot plasma is then created on the illu-
minated surface; the hot electrons drift through the thickness of the target, filling
the volume. The use of very thin (micrometric or nanometric) targets reduces the
dilution of the hot electron current that travels to the back surface. The drift current
exceeding the Alfven’s limit of the material is responsible for the ionization of the
remaining part of the bulk, with the consequent expansion in the vacuum.

The scientific community has been discussing for a long time about the different
scenarios of ion acceleration during the laser interaction with the target and during
the subsequent plasma expansion in the vacuum. A deeper discussion of the subject
goes beyond the scope of this contribution. As a matter of fact, three families of
accelerated ions can be isolated emerging from the shot target, after the interaction
with the laser. A first is accelerated by the laser pulse itself during its interaction with
the created plasma: this is due to the electrostatic gradient that can be created by the
laser’s strong longitudinal (temporal) and transversal (spatial) ponderomotive force
on electrons, pushing the positively charged ions deep in the bulk [14,15]. A second
population is accelerated by the charge separation on the plasma vacuum boundary
of the non-illuminated (back) surface of the target, far from the laser source: the
process is called target normal sheath acceleration (TNSA) and is recognised to
be the source of the most energetic ions produced in the interaction (see [16, 17]
and references therein). The TNSA can be active also on the illuminated surface,
where the plasma expansion can accelerate ions in the backward direction (towards
the laser). This last phenomenon (third population) can be observed only when the
laser interaction with the target has not broken the symmetry of the created plasma
expansion, which is normally the case with ultra-high contrast lasers (see [18] for
details). An exhaustive review of all of the mentioned processes can be found in [19].

11.2 Laser Interaction with the Solid: Creation of a Preplasma

Upon the interaction between an intense electromagnetic wave and overdense mat-
ter, several mechanisms are put in place that act on the physical state of the irradiated
surface and of the surrounding bulk.
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Different effects, depending on the intensity of the incoming wave, act at the
atomic and molecular level, which result in the ionization of the irradiated amount
of matter. As a general rule, the quantity of matter that is involved in the process
is limited by the surface extension of the illuminated area and the skin depth of the
considered radiation in the material. The relationship

ıs D c

!pe
j1 C i�j1=2; (11.2)

where !pe D p
nee2=me"0 is the electron plasma frequency and � the collision

frequency, gives the effective (collisional) skin depth in the material (see [8] and
references therein).

The laser pulses that are produced by CPA chains are very likely to be pre-
ceded by a certain amount of light (pedestal). This pedestal normally starts in the
range of nanoseconds before the main pulse; its intensity can considerably increase
approaching the peak, on the timescale of tens or hundreds of picoseconds before it.
The pedestal, or amplified spontaneous emission (ASE), normally results from the
amplification of the light produced by spontaneous emission in charged crystals.
The effect is mostly important at the very first stages of the amplification chain
[20, 21], where multiple orders of magnitude in amplification rely on a single crys-
tal and where low intensity seeds have to be used. The contrast ratio between the
peak and the pedestal is then conserved (or worsened) in the remaining part of the
laser system.

Attenuated replicas of the main intensity peak (prepulses), which propagate
temporally in advance with respect to it, can also be present.

Considering the very high (relativistic) intensity of the main laser peak (I >

1018W=cm2) the irradiated target surface can be therefore ionized prior to the arrival
of the main pulse by the pedestal or prepulses. In the case of a target material where
no level that is resonant with the laser wavelength exists, the direct, single-photon,
ionization is not permitted. However, at sufficiently high intensities, non-linear ion-
ization mechanisms gain importance. In the intensity range under examination,
effects such as multiphoton ionization [22–28], tunnel ionization [29] and barrier
suppression are dominant. Important multiphoton ionization starts at intensities of
1010 � 1014W cm�2. As the first electrons are extracted, they start freely quivering
in the laser oscillating field, eventually producing secondary ionizations by colli-
sions. Once the avalanche process has started, the created plasma on the illuminated
surface increases the energy absorption. In dielectrics, the transparency is lost as the
first electrons are freed and promoted to the conductivity band.

Experimental measurements supported by modelling set the ionization threshold
for a pedestal of 1 ns in 1.5 J cm�2 for a metal (gold) and 35 J cm�2 for a dielectric
(fused silica) targets [30]. For pulses with durations of tens of picoseconds, the
ionization threshold is lowered to 0.5 J cm�2 in gold and 4 J cm�2 for fused silica.

The impact of the laser pulse pedestal on the target have to be taken into account
when the intensity of the leading edge increases over the ionization threshold of the
material.
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Fig. 11.1 Renormalized intensity plots obtained with a 3! cross-correlator showing the temporal
profile of a femtosecond pulse. (Left ): Relative intensity of the pedestal up to t D �200 ps before
the femtosecond peak on a XPW filtered laser system. Right : Comparison of the pedestal on the
timescale of some tens of picoseconds obtained with different filtering techniques (SA: Saturable
Absorber, XPW: X-Polarized Wave Generation [31], DPM: Double Plasma Mirror [32])

An example of laser pedestals from two different multi-terawatt laser instal-
lations is shown in Fig. 11.1. The figure also shows the capabilities of the most
common technologies nowadays used to improve the temporal contrast of CPA laser
system in the front-end or in the first amplification stages (XPW [33], saturable
absorbers [20]) or after the compression of the pulse, just before the interaction
(plasma mirrors [32]).

The interaction of the laser pedestal with the solid target can trigger different
phenomena on the illuminated (front) or not illuminated (back) surface. The final
effect on the generation of accelerated ions is presented more in detail in following
sections.

11.3 Effects Induced on the Front Surface

The characteristics of the density gradient on the front (illuminated) surface of the
target is a key parameters of the interaction between the incoming laser radiation and
the electrons in the plasma. Many previous theoretical and numerical works have
discussed about the correlation between the angle of incidence, the length of the
existing gradient and the efficiency of the different absorption mechanisms. More-
over, as the laser peak intensity is being increased, even the leading edge of the
laser pulse can be active in defining the plasma gradient length, which adds a previ-
ously neglected correlation between the duration of the laser pulse and the amount
of absorbed energy (on this topic, see [34, 35]).

At relatively short density gradients, the most active mechanisms are the reso-
nant absorption [5] and the vacuum heating [4]. In particular [36], this last is known
to produce the highest electron temperature but is active only when a p-polarized
component impinges on very short density gradients (Lgrad � vosc=!, which
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corresponds to Lgrad � 0:1� at 1017 W cm�2 and � D 1�m). At longer density
gradients (L � �), the JxB heating mechanism [6] gains in importance.

Finally, the presence of a laser pedestal can result in the production of a long,
sub-critical, plasma in front of the target. The interaction between the laser beam
and such a plasma can accelerate electrons out of it, via various non-linear mech-
anisms (the most important one being stimulated Raman scattering). However, the
overall efficiency on the heated electrons is definitely lower than the others presented
before.

The realization of laser technologies, such as those mentioned in the previous
section, capable of decreasing the pedestal level to below the damage threshold of
the solid target, has opened the possibility to gain a deeper insight in the laser target
interaction process. An important set of theoretical and experimental studies have
been dedicated to the search and realization of the ideal conditions for laser target
interaction, aimed to ion acceleration. Recent studies realized with particle-in-cell
(PIC) codes show in fact that the complete absence of a plasma gradient limits the
ratio of absorbed energy. In [37], hydrogen targets at ne D 2nc are simulated by
2.5D-PIC, and it is found that the maximum ion energy would be obtained for a
gradient length of Lgrad D 4�, foreseeing an energy increase of �50% for protons
accelerated in the forward direction.

Studies of this kind are not often realized experimentally, as they require the
capability of varying the parameters of the laser pedestal on a temporal scale that is
not easily accessible. To control the density gradient length on the scale of several
hundreds of nanometers, it would be necessary to cut the laser pedestal in a range
of several tens of picoseconds before the main peak, which cannot be accomplished
in simple way.

An alternative approach, used by some teams, is instead the realization of a two
pulse laser target interaction. In this scheme (see for example [38–40]), a first laser
pulse with lower intensity is used to prepare the target condition some time before
the arrival of the main, high power, beam. The evolution of the plasma created by the
pre-heating laser pulse can be very precisely characterized by interferometric mea-
surements and hydrodynamic simulations (Fig. 11.2 left, [41]); this, in conjunction
with the delay between the two laser pulses, which can be set with an uncertainty
lower than hundreds of femtoseconds, enables the creation of very precise inter-
action conditions. Preliminary studies also need to be performed on the possibly
destructive effects that the pre-heating pulse might have on the rear surface of the
target, especially when using thin target foils. This is due (see later) on the shock
wave that is produced at the interaction interface, propagates in the target and whose
reflection on the back surface may be capable to produce a preliminary expansion of
it (see for example the simulation in Fig. 11.8). As an example, Fig. 11.2 shows the
correlation between the plasma gradient that is created on the illuminated surface
(left) and the position, in the target bulk, of the created shock wave (right), after the
pre-heating pulse has interacted. The aluminium target has been illuminated by a
single I D 4 � 1015 W cm�2 pulse, with a FWHM duration of �L D 150 fs. The
dashed curve in Fig. 11.2 left shows the displacement of the surface at a critical den-
sity (thus opaque to the incoming laser radiation) as a consequence of the plasma
expansion. On the right side of the figure, the displacement of the shock wave inside
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of shock breakout for aluminum targets of varying thickness after being irradiated at I D 4 �
1015 W cm�2 for �L D 150 fs [41]. Left: the evolution in time of the density gradient length and
the position of the surface at critical density; experimental confirmation has been obtained by
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aluminum bulk. The experimental points are obtained by measuring the shock breakout time on
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the target bulk is shown. The experimental points have been obtained by looking at
the decrease of reflectivity, which indicates a rise in the electron temperature of the
metal, on the non-illuminated surface of the target, after the interaction with the pre-
heating laser pulse. The solid line on Fig. 11.3 shows the upper limit of the delay
between the two pulses, before any destructive effect on the back surface. The fit
(dotted line) shows an average shock speed of D �16 km s�1 (Fig. 11.2 right).

Some experimental measurements realised in LOA by Flacco, A. and coworkers
show an increase in the proton cutoff energy when the surface of a 6 �m Aluminum
target is pre-heated by a 30 fs laser pulse at �1016 W=cm2, temporally in advance
with respect to the main laser pulse. The best interaction condition was observed
with a delay of 100 ps, and produced a kinetic energy increase of �15% (Fig. 11.3).

McKenna and coworkers [39] have reported the experimental observation of pro-
tons with higher energy when the target was pre-heated by pulses with intensities
in the range of some 1012 W cm�2. The maximum energy conversion efficiency
was observed with a density gradient length of �50 �m, and it produced a gain
of �40% in proton kinetic energy. Interferometric measurement (Fig. 11.4 right)
shows, however, that in the used experimental condition, the long gradient pre-
plasma is producing a filamentation of the incoming high power beam, possibly
tightening its focusing and thus increasing the on-target peak intensity (see Fig. 2c
in [39]).
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11.4 Effects Induced on the Back Surface

In the context of proton generation by irradiation of foil targets with ultra-high-
intensity laser pulses, it is predicted that the use of very thin targets gives higher
proton energies. Indeed, this expectation is somewhat met in several experiments
including the experimental results by Kaluza et al. [42]. Figure 11.5 shows the
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results by Kaluza et al., i.e., the correlation between proton cut-off energy and tar-
get thickness at I � 1019W cm�2 and with a prepulse duration �0.5 ns, together
with more recent measurements done by Flacco et al. at LOA at larger intensity
(I � 5 � 1019 W cm�2). There is a clear trend towards increasing proton energy
when the target thickness is reduced. The simplest explanation of this trend cor-
relates the higher proton cut-off energies obtained from thin targets to the higher
hot electron density created, due to the reduced dispersion of hot electrons drifting
through the bulk [43]. When approaching very thin (sub-micrometric) targets, other
mechanisms may be active in increasing the final accelerating field (see for example
recirculation effects in [44]).

However, below a certain thickness, the trend is reversed due to prepulse effects
breaking the target (let’s notice that the inversion point is practically the same for the
two sets of points, despite the larger intensity used by Flacco et al., a result which
was possible thanks to the improvements in laser contrast). In such results, the trend
is reversed below a certain thickness, which is related to the duration of the laser
prepulse. This is a clear indication that below a certain thickness, the effects of laser
prepulse destroy the targets themselves creating a plasma on the rear side with a long
plasma scale-length, which reduces the process of proton acceleration. Generally,
the effects of laser prepulse are related to the fact that the laser pedestal, with ns
duration, launches a shock wave in the material (see later): its breakout on target
rear side may create a long plasma, which is detrimental to acceleration, affecting
the mechanism of TNSA. In principle, X-ray pre-heating from the X-rays emitted
by the hot plasma corona may induce the same problem. However, this is indeed
important only for very thin targets of relatively high-Z (larger X-ray generation
and harder X-rays) irradiated at relatively high irradiances.
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In this section, we do concentrate on shock-induced effects only. We will show
how, depending on target thickness and prepulse intensity, three different regimes
can be obtained. The first two are well known in the literature:

1. For “thick” targets and at low pedestal intensities, the shock is very weak and
travels slowly in the material. Thereby, it has no time to break out on target
rear side before the arrival of the main laser pulse (ps duration) accelerating the
energetic proton beam.

2. For “thin” targets and high pedestal intensities, a strong shock is launched in
the material and travels quickly. Thereby, it has the time to break out on tar-
get rear side and induces a vaporization of the material (plasma formation) with
the creation of a long gradient scale-length, which prevents significant proton
acceleration.

3. Finally, there is an intermediate regime, in which the shock breaks out on target
rear side, but it is so weak that it just produces a deformation of the target surface
but not its vaporization. This may produce deformation of target rear side and
therefore interesting effects consisting in the deflection of the laser beam, which
indeed could even be controlled.

Let’s also notice that a thin foil target can also be displaced as whole by the effect of
ablation pressure thereby strongly affecting focusing conditions (especially because
in this kind of experiments, tight focusing is used to achieve large intensities on
target).

11.5 Laser-Produced Shocks and Proton Generation

The interaction between the nanosecond part of the laser pedestal and the target can
produce a shock wave. This is due to heating and expansion of the plasma, created
on the illuminated surface, and the interaction of the laser pedestal with it. After
the plasma expansion has begun and a density gradient has developed on the target,
a quasi-stationary configuration is reached. The laser penetrates up to the surface
at critical density, where it deposes its energy; at intensities I < 1014 W cm�2,
electrons are mostly heated by collisional absorption [46]. Heat is transported by
electrons behind the critical surface towards the colder parts of the target. The con-
servation of the momentum at the ablation front, where previously unperturbed
material is heated and removed, produces a rise in pressure, which propagates at
a given speed towards the back surface of the target [47].

The effects related to the shock induced by the laser prepulse depend on

1. Shock pressure (which increases with laser intensity): At high pressure, the shock
will produce vaporization of the target rear side and plasma formation;

2. Target thickness and pedestal duration: To avoid breakout, we need the target
thickness d to satisfy the relation,

d > D�; (11.3)
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where D is the shock velocity and � the duration of the laser prepulse (before the
arrival of the main laser pulse). The shock velocity is related to shock pressure
by the relation [47]:

D D
s

� C 1

2

Ps

	0

; (11.4)

where Ps is the shock pressure, � the adiabatic constant of the material, 	0 its
initial density. In principle, (11.4) is strictly valid for a perfect gas only. Never-
theless, in the high pressure range (Megabar), all materials approach the perfect
gas state, so the relation (11.4) is qualitatively true and quantitatively quite close
to the real numbers.

Finally, the shock pressure is given by [48]
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�1=3

; (11.5)

where the intensity I is measured in W cm�2, the laser wavelength � in �m, and
A and Z are the atomic weight and number of the irradiated material. According
to (11.5), at 5 � 1012 W cm�2, we produce a pressure of the order of 1.2 Mbar,
while at 1013 W cm�2, we get 2 Mbar. Using the Sesame equation of state tables for
Al [49], we can see that these respectively correspond to shock velocities of about
10 and 13 km s�1 (i.e. �m=ns). Therefore, if for instance we consider a prepulse
duration of 1ns, we see that the shock does not have the time to break out for Al
targets thicker than 13 �m. Indeed the two velocities are not so different due to the
weak dependence of velocity on pressure and to the weak dependence of pressure
on intensity. However, in order to assess the real effects of shock breakout, we must
locate the created conditions in the high-pressure phase diagram of Al [50], shown
in Fig. 11.5. Here, we can notice the melting temperature of Al at standard pressure
(T � 933 K), the melting point along the Hugoniot of the material (T � 5,000 K)
and the boiling temperature at standard pressure (T � 2,500 K). The Hugoniot curve
is the set of states in a material, which can be reached by shock compression. This
is named as shock adiabat in Fig. 11.5.

We must also consider the fact that, as described in [47], at the time the shock
breaks out on the target rear side, the shock pressure is not maintained, for the
shocked material does face vacuum (or a gas at very low pressure). This causes
the motion of the material in the forward direction (i.e. the direction of the shock
front), while at the same time, a relaxation wave is created. If the shock is not too
strong, it can be shown that the velocity of the free surface of the material is about
2U (where U is the fluid velocity in the material behind the shock front moving
with velocity D), while the relaxation wave, virtually decompressing the material
to zero pressure, travels back in the material at the corresponding sound velocity Cs.
Whether we get vaporization of the material on target rear side or not, it depends
on the final state of the material after decompression. In principle, we must then
draw the relaxation curve and superimpose it to the phase diagram in Fig. 11.6. If
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Fig. 11.6 High-pressure phase diagram of Al [50] (1 Mbar D 100 GPa) showing the melting
curve, the vaporization curve, and the shock adiabat, together with experimental data

we do so, we discover that the shock compression of Al to 2 Mbar would bring to
an unloading that ends at zero pressure above the evaporation curve of Al (curve
(c) in Fig. 11.6). Shock compression of Al to 1.2 Mbar would instead bring to an
unloading that ends at zero pressure below the evaporation curve of Al. Despite the
small difference in pressure, the two shocks therefore produce dramatically different
effects and may therefore be termed as cases of strong and case of weak shock
pressures.

11.6 Detailed Hydrodynamics Simulations

In order to get a more quantitative description of the involved phenomena, one needs
to perform numerical simulations. Here we show what we got using the hydro-
dynamics codes MULTI [51] and MULTI 2D [52]. Figure 11.7 shows the typical
density profiles obtained in a 6�m thick Al-target irradiated at various pedestal
laser intensities (in all cases, the temporal laser profile is flat-top). Figure 11.8
shows a time-position plot of the results of the simulation at a laser intensity of
5 � 1012 W cm�2 (case with no plasma creation on target rear side). We see indeed
that the density profile on rear side remains steep (unlike front side). However,
the simulation in Fig. 11.8 shows another effect related to laser prepulse: after the
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breakout of the shock (here taking place about 0.6 ns after the beginning of irra-
diation with the 1.5 ns long laser pedestal), the whole target begins to move with
a velocity of about 2U (as we said before). 1ns after shock breakout, the target
has already moved almost by 10 �m. Of course, the displacement will be larger for
higher laser intensities (larger shock pressures) and for thinner targets (earlier shock
breakout time, less mass to be moved). Often a very tight focus is realized in this
kind of experiments, in order to get a larger intensity, which usually implies a very
short depth of focus. Therefore, in similar cases, the target may go out of focus due
to its motion, and this can be a further cause for inefficient proton generation.

We notice that the target motion, as shown in Fig. 11.8, is characterized by a
series of accelerations every time the shock breaks on target rear. It is also clear that
the overall motion, on a longer time-scale, has a parabolic trend, which is charac-
teristics of a constant acceleration. It can be shown that the target displacement is
approximately given by

x D 1

2

P

	0d
�2 (11.6)

a distance, which must be compared with the typical depth of focus:

l � ˙2F 2�




DL
; (11.7)

where we have introduced the F-number of the system, the divergence of the laser
beam and the diffraction-limited divergence.
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Fig. 11.9 Propagation and breakout of a shock wave driven in a 6 �m Al target by a 1012 W cm�2

pedestal with 10 �m diameter focal spot. The red line represents the position of the shock front.
The light grey region is unperturbed Al. Darker grey is the shocked Al (at the edge of the spot
the shock is very weak, or negligible, the shock velocity corresponds to the sound velocity in
unperturbed Al, and the degree of compression approaches 1). Along the axis of the laser beam
instead shock compression and shock velocity reach their maximums

11.7 Two-Dimensional Effects and Proton Beam Deviation

Until now, we have only considered 1D hydrodynamics effects. These may bring to
the formation of a plasma gradient on target rear side and also to target defocusing
(due to target displacement after shock break out). In reality, due to the small lateral
size of the laser focal spot, 2D effects in shock propagation and in target deforma-
tion are very important. Figure 11.9 shows the propagation and breakout of a shock
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wave driven in a 6 �mum Al target by a 1012 W cm�2 pedestal with 10 �m diameter
focal spot. The simulations are realized with the hydrodynamic code MULTI 2D
[52]. Here the intensity on target varies with the (radial) position. Therefore, shock
pressure and velocity are different in each point on the surface, resulting in a dif-
ferent shock breakout time. Moreover, after shock breakout, the local displacement
velocity (2U ) of the target rear side is different, because the local fluid velocity is
larger at the center and smaller at the edges of the spot. 2D effects in hydrodynam-
ics bring to a deformation of the target. This is particularly interesting in the case of
weak shocks, which do not bring to the formation of a plasma phase on target rear
side. In this case, the local deformation acts to change the local target normal and
thereby may produce a deviation of the accelerated proton from the perpendicular
to the “unperturbed” target surface. If the fast electrons travelling in the material,
and creating the space charge at target rear side, are directed along the normal to the
target surface, this may only result in an increased divergence of the proton beam.
In many cases, however, the fast electrons are not travelling along the normal, but
rather along the laser beam axis. For instance if a laser beam (main ps pulse) is
incident at an angle on the target surface, then fast electrons may still be produced
normally to the surface or along the laser beam axis depending on the particular
generation mechanism that is dominant in the experiment. In the case of resonant
absorption, fast electrons will be mainly directed along the target normal. If instead
ponderomotive effects are dominant, fast electrons will be mainly directed along
the laser beam axis. In general, the two absorption mechanisms may be acting at the
same time and will bring to the generation of different fast electron populations the
more energetic ones usually being related to ponderomotive effects (in this context
see also [53]). Figure 11.10 shows the sequential illustration of proton accelera-
tion in a shocked target following the general scheme we have just described. Let’s

a b c

Fig. 11.10 Sequential illustration of proton acceleration in a shocked target. (a) before main pulse
arrival, the ablation pressure induced by the ASE deforms the target. (b) The main pulse arrives
under oblique incidence and generates a population of hot electrons. (c) The most energetic elec-
trons traverse the target and sets up a strong electric field in an area where the local target normal
is shifted towards the laser axis, away from the global target normal. Consequently, during the
plasma expansion, the most energetic protons are accelerated in a direction that is shifted towards
the laser axis, with an angle that increases with the magnitude of the local deformation
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also notice that interesting features are expected to appear in the case of stronger
shocks, which may vaporize the material near the centre of the shock front but not
at the edges. In this case, acceleration of protons may be completely prevented from
the central region. Nearby, however, the shock will be weaker and the target will be
deformed but not vaporized. Proton acceleration may still be produced here bringing
to the formation of an annular emission region.

11.8 Experimental Results

Experimental results obtained with the Lund laser system [54, 55] do indeed show
all the features previously described. The diagnostics simply consisted in CR-39
detector plates with an aluminum filter mask placed before it to enable measure-
ment of both the proton spatial and energy distributions. This is shown together
with the expected proton pattern in Fig. 11.11a (assuming a beam directed along

Fig. 11.11 Deviation from target normal to laser direction vs. proton energy (degrees vs. MeV)
for protons above different threshold energies. The lines through the images on the right indicate
target normal direction. With the pedestal duration increased by 1 ns from its minimum value and a
contrast of 3�107 , the target thickness is varied in (a) from 12 �m to 6 �m. With 6 �m target and a
minimum pedestal duration (�1 ns) and a contrast of 3�107, (b) illustrates the effect of increasing
the pedestal duration by 1 ns and (c) of decreasing the contrast (increasing the ASE level to 6�106),
corresponding to an estimated ASE intensity of 5 � 1012 W cm�2 (excerpt from [54])
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the target normal and with divergence decreasing with increasing proton energy).
Figures 11.11b–d show examples of the actual patterns observed in the experiments,
together with plots of the deviation from target normal to laser direction vs. proton
energy (degrees vs. MeV) for different parameters of the experiment (target thick-
ness, pedestal level, pedestal duration). We see that deviation is larger when we
expect so, according to the physical picture described in the previous paragraphs, i.e.
when the target is thin and the laser pedestal is intense or long. In all these cases,
the shock has the time to burn through and deform the rear surface of the target,
while the shock itself remains low enough not to cause the vaporization of the mate-
rial and the formation of a plasma with sufficient extension on the rear side. Results
obtained changing the target material confirm the effect. For instance, we have com-
pared 6 �m targets of Cu and Al. The shock speed is increasing with laser intensity
but is lower in Cu than in Al, due to the larger density of Cu as shown by (11.4). The
lower shock speed in Cu makes shock-effects less important. Indeed, experimental
results in Fig. 11.12 show that, in comparable conditions, deviation is smaller for
Cu than for Al. Finally, the shock model also allows to calculate the beam deviation

Fig. 11.12 Influence of target properties on the energy dependent emission direction for Cu and
Al foils of different thickness. The pedestal intensity and duration were 2 � 1012 W cm�2 and
1.0 ns. The top and middle rows show representative proton beam patterns. The complete dataset
is compiled in the two bottom diagrams where the error bars denote the standard deviation, taken
over three consecutive shots (excerpt from [55])
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Fig. 11.13 Comparison of the prediction of the shock model and experimental results: pro-
ton deflection vs. pedestal duration. Targets were 6 �m Al and Cu at pedestal intensity 2 �
1011 W cm�2. The proton beam stays on the target normal for the shortest pedestals (bottom right
panel). After shock breakout, the beam is steered towards the laser axis (top right panel). The
inset shows the calculated shape of the foil for a 2.0 ns pedestal. Emission direction (solid lines) is
calculated as the local target normal where the laser axis intersects the rear surface (excerpt from
[55])

for higher energy protons, those related to the faster electrons (generated by pon-
deromotive forces and directed along the laser beam axis). Indeed, we can simply
calculate the emission direction as the target normal at the point where the laser
axis intersects the rear surface. Figure 11.13 compares the prediction of the model
with experimental results showing the proton beam deflection vs. pedestal dura-
tion. The possibility of controlling the direction of the various spectral components
of the accelerated ion beam by acting on optical parameters of the pumping laser is
intriguing and might have interesting applications in a future. Moreover, it does sug-
gest a new instrument to study the correlation between the energy of a component
of the spectrum and the position on the target surface where it was originated. At
present, this deviation adds an unknown on the experimental procedure (possibility
of missing the ion peak energy), which can void the experimental measurements.

11.9 Conclusions

As shown in this paper, the pedestal of a laser pulse can have an intensity large
enough to influence the acceleration process, possibly impacting the irradiated and
the non-irradiated surfaces of the target. Their importance increases as the target
thickness is reduced. As the pedestal gets intense enough to ionize the target surface,
a plasma is formed. The interaction between the laser and the plasma governs the
following acceleration process. The pedestal gains in intensity during the amplifica-
tion process in the laser chain: some techniques capable of increasing the contrast
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and cleaning the temporal profile of the laser pulse have been mentioned in previous
sections. These techniques are required to be able to increase the ion peak energy
by decreasing the thickness of the target.

The state of the plasma in front of the target at the time when the main inten-
sity peak arrives defines the efficacy and the mechanisms responsible for electron
heating, in particular the hot electron temperature and the hot electron number.
The presence of a very long, low density, plasma corona may reduce laser-plasma
coupling and reduce the hot electron temperature. On the other side, Simulations
and some preliminary experiments do suggest that the complete absence of any
plasma on the surface reduces the efficiency of the laser energy absorption and that
the optimal laser-target interaction for ion acceleration happens in presence of a cer-
tain density gradient on the front side. This configuration has been realized in some
experimental campaigns.

The interaction of the pedestal with the front surface can also impact on the con-
dition of the target by deforming it on the non-illuminated surface (ionization and
expansion). All of the effects produced on the non-illuminated surface, where the
most energetic ions are extracted and accelerated are detrimental. The creation, by
shock wave or by heating due to hot electrons and photons, of a density gradient
on this surface before the arrival of the high intensity peak reduces the accelerating
potential and results to be detrimental to the TNSA mechanism. An exception is rep-
resented by the cases where the pedestal is intense only enough to deform the target,
without destroying it. This effects may open the interesting possibility to control the
beam emission angle and the spatial distribution of its spectral components.
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20126 Milano, Italy)

References

1. S.J. Gitomer, R.D. Jones, F. Begay, W. Ehler, J.F. Kephart, R. Kristal, Phys. Fluid 29, 2679
(1986)

2. W. Ehler, W. Linlor, J. Appl. Phys. 44, 4229 (1973)
3. D. Strickland, G. Mourou, Opt. Commun. 56, 219 (1985)
4. F. Brunel, Phys. Rev. Lett. 59(1), 52 (1987)
5. J.P. Freidberg, R.W. Mitchell, R.L. Morse, L.I. Rudsinski, Phys. Rev. Lett. 28, 795 (1972)
6. W.L. Kruer, K. Estabrook, Phys. Fluid 28(1), 430 (1985)
7. K. Estabrook, W.L. Kruer, Phys. Rev. Lett. 40(1), 42–45 (1978)
8. P. Gibbon, Short Pulse Laser Interactions with Matter. (Imperial College Press, London, 2005)
9. S.C. Wilks, W.L. Kruer, M. Tabak, A.B. Langdon, Phys. Rev. Lett. 69(9), 1383 (1992)



230 A. Flacco and D. Batani

10. L.M. Wickens, J.E. Allen, P.T. Rumsby, Phys. Rev. Lett. 41(4), 243–246 (1978)
11. A. Gurevich, D. Anderson, H. Wilhelmsson, Phys. Rev. Lett. 42(12), 769–772 (1979)
12. V.F. Kovalev, V.Y. Bychenkov, V.T. Tikhonchuk, JETP Lett. 74, 10–14 (2001)
13. P. Mora, Phys. Rev. Lett. 90(18), 185002 (2003)
14. Y. Sentoku et al., Phys. Plasmas 10, 2009 (2003)
15. M. Zepf et al., Phys. Rev. Lett. 90, 064801 (2003)
16. J. Fuchs, Y. Sentoku, S. Karsch, J. Cobble, P. Audebert, A. Kemp, A. Nikroo, P. Antici,

E. Brambrink, A. Blazevic, E.M. Campbell, J.C. Fernández, J.C. Gauthier, M. Geissel,
M. Hegelich, H. Pépin, H. Popescu, N. Renard-LeGalloudec, M. Roth, J. Schreiber,
R. Stephens, T.E. Cowan, Phys. Rev. Lett. 94(4), 045004 (2005)

17. A.J. Mackinnon, M. Borghesi, S. Hatchett, M.H. Key, P.K. Patel, H. Campbell, A. Schiavi,
R. Snavely, S.C. Wilks, O. Willi, Phys. Rev. Lett. 86(9), 1769–1772 (2001)
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