
Abstract. We review emerging concepts that have increased the
efficiency of coherent XUV (extreme ultraviolet) generation
through the use of laser frequency conversion in specially pre-
pared plasmas and which have enabled high-order harmonic
generation (HHG) spectroscopy to be used in spectral and
structural analysis. We also present the current status of plas-
maHHG and examine what new trends have evolved in the field
since it was reviewed last [Phys. Usp. 52 55 (2009)]. In particu-
lar, we consider new techniques for generating higher harmonics
from various plasmas for the purpose of studying the physical
properties of materials. It has been shown recently that HHG
has application potential for many, sometimes unexpected,
areas of laser radiationëmatter interaction. It is argued that
plasma HHG isìalong with alternative coherent XUV gen-
erationìa powerful tool for a variety of spectroscopic and
analytical applications.

1. Introduction

Coherent short-wavelength radiation is of increasing impor-
tance for a broad spectrum of basic and applied research in
various fields of physical, chemical, and life sciences. Among
them, femtosecond time-resolved coherent diffractive ima-
ging and photo-induced processes on surfaces and nanopar-
ticles, as well as lithography, plasma diagnostics, and
materials processing and diagnostics are of foremost inter-
est. High-order harmonic generation (HHG) from femtose-
cond visible laser pulses allows producing coherent radiation
in the extreme ultraviolet (XUV) spectral range. Table-top
lasers render these processes possible with the prospect of
widespread scientific applications. Until recently, a few gases
were predominantly employed as target media for HHG.
Other efforts relied on the creation of harmonics at solid
surfaces, either by a coherent wake field excitation or, for
petawatt-scale lasers, by a relativistically moving electron gas
acting as a plasma mirror. So far, however, only low
conversion efficiencies for HHG have been obtained, despite
the enormous efforts. Other generation methods involve
XUV free-electron lasers (FELs) and X-ray lasers.

To promote the use of XUV radiation, it therefore seems
appropriate to advance laboratory scale sources to a higher
application level. Many interesting experiments can be
performed by HHG based on laboratory scale femtosecond
lasers. These sources easily cover the spectral range between
the 10- and 100-eV photon energy of the harmonics, and with
few-cycle laser systems, even up to several hundred electron-
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volts. For practical applications of high-order harmonic
sources, higher conversion efficiency and, thus, an increase
in the photon flux and the maximum photon energy of the
harmonic radiation would be beneficial. HHG itself can be
used as a spectroscopic tool for analysis of the optical,
nonlinear optical, and structural properties of the harmonic
generation emitters, presently comprising a few noble gases.
The generation of higher harmonics in laser-produced
plasmas from various solid-state targets, being for this
purpose a relatively new and largely unexplored medium,
promises to yield these advances.

Most interestingly, recent studies have shown that
enhanced higher harmonics can also be generated from
ablated nanoparticles, which opens the door to applications
of local field enhancement, broad plasmon resonances, and
more efficient recombination processes for plasma HHG. An
increase in the harmonic output by quasiphase matching in
specially prepared plasmas may be considered a very
interesting prospect. For the plasma, a different and more
flexible technique than used in neutral gases can be applied.
The plasma may be spatially modified using a long pulse co-
propagating with the fundamental driving pulse, and condi-
tions might be found where quasiphase matching is possible
over a long distance in the plasma, while the constructive and
destructive interference of harmonic waves in such plasmas
containing different emitters can provide new knowledge
about the phase-related characteristics of this process. Thus,
the above approach may be useful for producing an efficient
source of short-wavelength ultra-short pulses for various
applications and studies of the properties of harmonic
emitters. Laser ablation-induced high-order harmonic gen-
eration spectroscopy is a new method for materials science
and can be considered as one of the most important
applications of HHG.

Previous reviews on plasma harmonic studies have mostly
concentrated on the discussion of such specific topics as the
application of nanoparticle-containing plasmas for HHG [1],
the resonance-induced enhancement of harmonics [2], and
applications of fullerenes as an attractive media for harmonic
generation [3], contrary to the first two topical reviews
published half a decade ago [4, 5], where a whole range of
plasma HHG studies was presented. It seems timely to return
back to the practice of showing a broad pattern of various
developments in this field. It is also obvious that a compre-
hensive overview of the most recent findings can be useful for
defining the next steps in the development of this relatively
new and attractive area of material studies.

In this review, we discuss the realization of new ideas that
have emerged over the last few years, and which have further
improved HHG conversion efficiency through harmonic
generation in specially prepared plasmas and allowed the
spectral and structural studies of matter through plasma
harmonic spectroscopy. We also present the current status
of plasmaHHG studies and show new trends and prospects in
developing this field.

The layout of the paper is as follows. In Section 2, we
outline the current status of plasma harmonic studies. New
trends, schemes, and approaches in plasma HHG are
presented in Section 3. Theoretical approaches for describing
observed peculiarities of the higher harmonics in laser
plasmas are discussed in Section 4. Harmonic generation
using relatively long (picosecond) pulses converted in abla-
tion-produced plasmas is considered in Section 5. Section 6 is
concerned with the stable generation of higher harmonics of

femtosecond laser radiation from laser-produced plasma
plumes at a high (1 kHz) pulse repetition rate. In Section 7,
a systematic analysis of harmonic radiation and plasma
conditions during HHG in graphite-ablated plasma plumes
using ultrashort laser pulses is presented from the standpoint
of optimization of the frequency conversion of laser radia-
tion. The first observations of isolated subfemtosecond XUV
pulse generation in Mn-ablated plasmas are analyzed in
Section 8. Short summary remarks made in Section 9 give
some clues as to future developments and prospects in this
interesting field of laser physics.

2. Current status of plasma HHG studies

High-order harmonic generationmay presently be considered
the simplest and most efficient technique for obtaining
coherent short-wavelength radiation in a broad spectral
range [6±14]. As was already mentioned, alternative means
in this area are the employment of X-ray lasers [15, 16] and
FELs [17]. However, unlike sources involving harmonic
generation, X-ray lasers have been unable to generate
radiation in a broad range of the extreme ultraviolet spectral
domain. Other disadvantages of X-ray lasers involve their
poor spatial coherence and radiation divergence. As regards
FELs that generate radiation in theXUV spectral range, there
are only a few such lasers. Furthermore, the application of
these lasers is largely restricted by their extremely high
development and maintenance cost.

HHG research is actively being pursued due to the
availability of new high-power compact laser systems offer-
ing high output parameters (high pulse energy and intensity,
and a high pulse repetition rate). Until recently, two
mechanisms were utilized for HHG, namely, harmonic
generation in gases [6, 8±12] and from surfaces [7, 13, 14].
The progress achieved in this area has enabled extending the
range of generated coherent radiation toward the spectral
region where the radiation can pass through water-bearing
components (the so-called water window ranging from 2.3 to
4.6 nm [11, 12]). This circumstance is attractive from the
standpoint of the practical implication of coherent short-
wavelength radiation in studies of biological objects. How-
ever, data on the generation of such radiation obtained to
date with the use of the above techniques have exhibited a low
conversion efficiency to the XUV range (10ÿ6 and below),
which considerably limits their use in practice. This is
supposedly the reason why in the last few years the emphasis
has been focused on the optimization of another effect
discovered in these investigations: the generation of attose-
cond pulses [18].

The search for ways of increasing the HHG efficiency in
the XUV spectral range has long been (and still is) among the
most relevant issues in optics. However, in the majority of
cases, the conversion efficiency to high-order harmonics turns
out to be insufficient for their use as real coherent short-
wavelength radiation sources in biology, plasma diagnostics,
medicine, microscopy, photolithography, XUV coherent
diffraction imaging, time-resolved measurements, etc. The
feasibility of increasing the intensities of high-order harmo-
nics generated in gas jet sources by utilizing atomic and ion
optical resonances has been studied primarily by theoretical
methods [19, 20]. The results of a number of calculations
suggest that the intensity of a harmonic may be substantially
increased when this harmonic is at resonance with radiative
transitions in the atomic and ion spectra of gases. This
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approach, which has yet to be realized in gasHHG,may be an
alternative (or a complement) to the method of wave phase
matching for higher harmonics and laser radiation [11, 12].

The first experiments on HHG in the passage of laser
radiation through the plasma produced on the surface of a
solid target, carried out during first half of the nineties, turned
out to be much less successful. As noted in a review on the
properties of harmonics in plasmas, ``the effect of harmonic
generation (in plasmas) calls for a more careful consideration
and in-depth basic research'' [21]. Data obtained with the use
of highly excited plasmas containing multiply charged ions
revealed several limiting factors which did not permit
generating the harmonics of a sufficiently high order and
strong intensity [22±26]. Moreover, the harmonic intensity
distribution did not follow the predictions of the so-called
three-step model of HHG [27], according to which a plateau-
like high-order harmonic intensity distribution (i.e., of
approximately constant intensity) should be observed.
Those studies, which were carried out in the mid-1990s,
stopped at the demonstration of relatively low-order harmo-
nics (from the 11th through the 25th). This disadvantage, as
well as the low conversion efficiency, led to the erosion of
interest in this HHG technique, especially in comparison with
the achievements involving gas sources of HHG.

Nevertheless, there is reason to hope that harmonic
intensities may be increased, and efficient shorter-wave-
length coherent radiation may be obtained utilizing laser-
produced plasmas. There are no fundamental limitations
here: it only remains to find the optimal conditions for
producing a plasma plume to serve as the efficient nonlinear
medium for HHG. Laser-produced plasma may be validly
used for this process if the effect of the limiting factors (self-
defocusing, self-phase modulation, andwave phase mismatch
of the harmonics and the radiation being converted) is
minimized [22, 26]. Attention was drawn to this feature early
in the study of lowest-order (third) harmonic generation in a
weakly ionized plasma (see review [28]).

Among the special features of HHG in laser-produced
plasmas, we first of all notify a wide range of nonlinear
medium characteristics available by varying the conditions
of laser plume production on the surface of a solid. This
applies to plasma parameters such as the plasma dimension,
the number density of ions, electrons, and neutral particles,
and the degree of their excitation. The tapping of any
elements of the Periodic Table that exist as solids largely
extends the range of materials employed, together with
thousands of complex solid-state samples, whereas only a
few rare gases are typically used in gas HHG. Thus, the
exploration of practically any available solid-state material
through nonlinear spectroscopy comprising laser ablation
and harmonic generation can be considered as a new tool
for materials science.

In several cases, this method furnishes an opportunity to
realize quasiresonance conditions for increasing the efficiency
of single harmonic generation due to the effect of ion's optical
transitions on the nonlinear response in the spectral range in
question, thus allowing the studies of ionic transitions
possessing strong oscillator strengths. This effect can hardly
be observed in gas HHG because of a low probability of the
coincidence of the atomic transition frequencies for few gases
with the frequencies of single harmonics. The advantages of
plasma HHG could largely be realized with the employment
of low-excited and weakly ionized plasmas, because the
limiting processes governing the dynamics of laser wave-

length conversion would play a minor role under these
conditions. This assumption has been confirmed by a
diversity of studies concerned with high-order harmonic
generation in the plasma media [29±33]. A substantial
increase in the highest order of the generated harmonics, the
observation of a long plateau and the emergence of a second
plateau in the energy distribution of highest-order harmonics,
the high conversion efficiencies obtained with several plasma
formations, the realization of resonance enhancement of
individual harmonics, the efficient harmonic enhancement
from plasma plumes containing clusters of different materi-
als, and other properties revealed in those and other studies
[34±37] have demonstrated the advantages of utilizing
specially prepared plasmas for HHG. The orders of higher
harmonics obtained in plasma media to date range into the
sixties and seventies [29, 31, 38, 39]. The highest-order
harmonics (101st order, wavelength 7.9 nm) have been
demonstrated in manganese plasmas [40]. The HHG conver-
sion efficiency in the plateau region amounted to 10ÿ5 [41]. In
addition to that, the efficiency of conversion to an individual
(resonantly enhanced) highest-order harmonic approached
10ÿ4 [30, 31].

The quest for new plasma media that would favor the
enhancement of an individual harmonic will enable further
enhancement of harmonic conversion efficiency. The produc-
tion of a single high-intensity harmonic (rather than a group
of harmonics of equal, but greatly weaker, intensity in the
plateau region) would open up the way to the practical
implication of these coherent short-wavelength radiation
sources, without using the dispersive elements (gratings) for
the separation of a given radiation. Resonantly enhanced
individual harmonics observed in several plasma media
allowed expecting that similar features will be discovered for
other plasma formations. The wavelength of a generated
harmonic may then be tuned to a transition with a higher
oscillator strength by tuning wavelength of the driving laser
[30, 36], as well as by varying the chirp of the laser radiation
[31, 33, 35]. The application of ablated nanoparticles and
clusters for HHG can also enhance the yield of harmonics in
the XUV range. Further improvements in HHG conversion
efficiency and the extension of the number of generated
harmonics require a systematic study of the influence of
various plasma and laser parameters on ablation harmonics.
Many new peculiarities of plasma plume-generated harmo-
nics have emerged over the last few years [42±74], allowing the
expectation of further extension of our knowledge about
material properties applying this novel powerful method of
nonlinear spectroscopy.

Whilst the first stage of these successful studies was
entirely focused on improvements in the harmonic yield
from plasma, at the current stage of knowledge of higher-
order nonlinear optical processes in ablation plumes, one can
consider this method as a new tool for materials science.
Thus, the search for the dual role of plasmaHHGas amethod
for efficient coherent XUV light generation and of material
probing is a milestone of further developments in this field.
Below, we show new trends that have emerged during recent
years, which demonstrate the attractiveness of this method.

3. Recent trends, schemes, and approaches
in plasma HHG

Plasma HHG has considerably matured over the last few
years and continues to attract the growing attention of
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various laboratories worldwide. Currently, studies of plasma
HHG are being carried out in Japan, Canada, India,
Uzbekistan, the USA, Ireland, Germany, Korea, Spain, and
the United Kingdom. Below, the most recent developments
and some fresh approaches, experimental schemes, and ideas
are described, which could considerably push this field
toward the dramatic improvement in the output character-
istics of harmonics and a better understanding of the proper-
ties of matter through plasma HHG spectroscopy.

Intense HHG from plasma that is created at the surface of
different carbon targets was demonstrated recently in paper
[62] using a 10-Hz pulse repetition rate laser. A high-order
harmonic energy in the multimicrojoule range for each
harmonic order from the 11th to the 17th was obtained. It
was concluded, by analyzing the target morphology and the
plasma composition, that the intense harmonics from the
bulk carbon targets originate from the nanoparticles pro-
duced during ablation of the carbon-containing target. It was
shown in previous work [37] that nanoparticles and films
composed of C60 molecules would generate harmonics that
are more intense than those obtained from solid targets. The
disadvantage of using nanoparticle and film targets is the
instability of the harmonics, which considerably vary from
shot to shot, and even disappear after a few laser shots if the
target is not displaced. On the contrary, it was found in
Ref. [62] that carbon bulk targets can generate harmonics
comparable in intensity to those from nanoparticles or C60

plasma targets.
A scanning electron microscope (SEM) image of plasma

debris from a carbon target revealed that the plasma plumes
contain nanoparticles with sizes varying between 100 and
300 nm. It was therefore suggested that, during the interaction
of the heating pulse with the carbon target, nanoparticles are
formed in the plasma and are then pumped by the funda-
mental pulse to induce the generation of harmonics. The
harmonic intensity reached by using a bulk carbon target
remained stable for several minutes, even without displacing
the target position. By creating the plasma for 5 min at the
same place of the solid carbon target, the harmonic intensity
did not decrease more than 10%, while that from nanoparti-
cles decreasedmore than 90%within a few seconds after laser
irradiation. It was also noted that, unlike most other solid
targets, the highest harmonic order obtained with a carbon
target does not exceed 21. According to the cut-off law of the
plateau harmonic spectrum defined by the three-stepmodel, it
was suggested that these harmonics are generated by neutral
atoms, rather than ions, as in the case of other solid targets.

Further improvements in both the stability of carbon-
containing plasma harmonics and their enhanced yield were
reported in paper [63]. The importance of these parameters is
determined by the applicability of converted radiation for
various needs. Much effort has been dedicated to the
refinement of these characteristics during the long history of
studying harmonic generation in gases. Multimicrojoule
harmonics have been generated by the energy scaling of gas
HHG under highly optimized conditions [75, 76], which,
however, have basically pushed gas HHG to its limits.
Therefore, an urgent demand was created for a search for
the methods to generate even more intense harmonics and
attosecond light pulses. For these purposes, gas clusters [77]
and plasma produced from nanoparticle targets [37, 78] can
be examined to increase the intensity of harmonics. In the
former case, microjoule intense harmonics have been demon-
strated in the range of 50±90 nm.

However, as was mentioned above, nanoparticle targets
run against the problem of a rapid decrease in the HHG
intensity with consecutive shots, which prevents them from
being used in applications, especially in the case of high pulse
repetition rate lasers. These exotic targets are also not always
available in abundance. A new approach has been reported
recently, which showed that highly efficient and stable high-
order harmonics could be generated from a target that is
readily available in the household: pencil lead of amechanical
pencil [63]. The energy measurements of the harmonics
generated from plasma produced from pencil lead and their
comparison with harmonics produced from C60 particles,
which have proven to be one of the most efficient media for
plasma HHG, showed the advantages of harmonics emerged
from the formermedium. The important advantage of using a
pencil lead target is the shot-to-shot stability of the harmonic
intensity over a sufficiently large number of laser shots.

To understand the uniqueness of the pencil lead plasma,
researchers exploited an SEM to analyze the ablated
material debris deposited on silicon substrates that were
placed nearby the ablation plume. Those SEM images
revealed that the plasma created from a pencil lead target
contains nanoparticles whose mean size was close to about
200 nm. They therefore suspected that, due to the ablation of
the pencil lead target by the heating pulse, the nanoparticles
were formed on the target surface and remained in the
plasma, which in turn led to the generation of the intense
harmonics.

From the experimental observations of stronger harmo-
nics compared with fullerene plasma and the morphology of
plasma debris, the authors of Refs [62, 63] inferred that the
origin of the extremely strong harmonics from pencil lead and
carbon plasmas is similar to those described for nanoparticle
targets. The presence of nanoparticles in the plasma deposi-
tion and low cut-off suggest that neutral atoms of nanopar-
ticles are themain source of intense harmonics from the pencil
plasma. An explanation for intense harmonic generation
from nanoparticles could be the higher concentration of
neutral atoms due to the presence of nanoparticles. Unlike
isolated atoms and ions, whose densities quickly decrease due
to plasma expansion, the nanoparticles retain densities that
are close to those in a solid state. Combined with the higher
harmonic efficiency of neutral atoms than that of their ions,
the neutral atoms within the nanoparticle could efficiently
generate high-order harmonics. The authors of Refs [62, 63]
estimated a conversion efficiency at a level of � 10ÿ4 for
harmonics in the plateau range.

The important issue of HHG from plasmas is related to
the characteristics of the generated harmonics. Whereas the
conversion efficiency issue has been taken seriously in
recently developing this technique, which led to a consider-
able enhancement of harmonic pulse energy, no temporal
characterization of plasma harmonic pulses had been
performed until recently. This is a crucial element for
applications of a new source of coherent XUV radiation. It
should not be taken for granted that this harmonic emission
has a nice attosecond structure. Indeed, the harmonic
generation in plasma induces many sources of distortion: the
higher electron densities and gradients will affect the genera-
tion of harmonics through phase mismatching andmay result
in distortion of both the harmonic spatial phase-front and the
spectral phase. Furthermore, the temporal characterization
itself raises issues, such as probe beam distortions, target
deterioration, and the instability of harmonic intensity.
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The first measurements of the attosecond emission
generated from underdense plasma produced on a solid
target were reported by Elouga Bom et al. [62]. They
generated high-order harmonics of a femtosecond infrared
(IR) Ti:sapphire laser focused onto a weakly ionized
chromium plasma. The characterization of the plasma
attosecond emission was performed using the RABITT
technique [79]. The measurement of the harmonic spectral
amplitude and phase allows direct access to the attosecond
structure through a Fourier transform. The amplitude of each
harmonic is easily given by the amplitude of the main
photoelectron lines corrected with due regard for the
ionization cross section.

The relative phase between neighboring order harmonics
is accessed through two-photon XUV+IR ionization of the
target gas. When the IR beam is superimposed on the XUV
beam in argon gas, sidebands appear in the photoelectron
spectrum between the main lines. They correspond to two-
photon transitions: absorption of a harmonic photonwith the
frequency qo0 (q is the harmonic number), accompanied by
either absorption or stimulated emission of a laser photon
with o0. Since two coherent quantum paths lead to the same
sideband, interferences occur, which result in an oscillation of
the sideband amplitude as the delay time t between the IR and
harmonic field is scanned with sub-IR-laser-cycle resolution.
The phase of the oscillation is the phase difference between
the two interfering paths. The phase difference, jq ÿ jq�2,
between two consecutive harmonics can then be extracted,
readily giving the group delay, also called emission time.
From the phases jq obtained by integrating the emission
times and the amplitudes Aq of the order-varying harmonics,
one can reconstruct the temporal intensity profile.

The result for the measured five harmonic orders from
q � 11 to q � 19 is shown in Fig. 1. The reconstructed
temporal profile of the harmonic emission forms an attose-
cond pulse train, each pulse being 300 as in duration [full
width at half maximum (FWHM)]. Assuming all five
harmonics to be in phase, one can obtain the shortest pulses
possible, i.e., the Fourier-transform limited pulses. The
corresponding duration is t � 285 as. The measured dura-
tion of 300 as is thus only 1.05 times the Fourier-transform
limited duration.

In the standard scheme of gas HHG, an ultrashort laser
pump beam at intensities above 1014 W cmÿ2 is focused onto a
gas jet, generating higher harmonics. The yield of such

schemes is inevitably limited by dispersion in the medium.
Across a distance equal to the coherence length, a phase
mismatch of p grows and causes destructive interference
between the pump and high-harmonic beams. This process
is one of the major limitations on the conversion efficiency of
HHG. Quasiphase matching (QPM) is a well-known
approach for resolving this phase mismatch problem [80]. In
QPM, the medium is modulated with a coherence length
period, so that the pump phase or harmonic emission is
changed to prevent the destructive interference caused by
the phase mismatch. For HHG in the XUV range and
beyond, dispersion in the medium can be mostly attributed
to free electrons generated in the course of the laser ionization
of the medium. Under this assumption, the coherence length
(at 0.8-mm laser wavelength) is given (in meters) by
Lc / 1015=qNe, where Ne is the free electron density [cmÿ3],
and q is the harmonic number. Previously, QPMwas realized
by using multiple gas jets whose pressure and separation were
properly controlled [81]. However, the realization of this
technique is limited by geometrical constraints on the
number and minimal separation of the jets.

It was proposed that the same procedure could be
established for plasma HHG [82] using a simple method for
producing numerous plasma jets tailored for the HHG,
relieving technical restraints on the dimensions of the jets
and their periodicity. In this scheme, the jets are produced by
ablation of a microlithographic periodic stripe pattern
(Fig. 2). Cylindrical plasma jets formed by ablation extend
the lithographic pattern into the space above the target,
creating a row of narrow plasma jets with a different material
composition. The efficiency of HHG in plasma has been
demonstrated to vary considerably with the atomic composi-
tion [38], and the periodic change in this efficiency enables
QPM-HHG.

The results of work [82] demonstrate a simple method for
generating periodic plasma structures by ablating a litho-
graphic pattern. When passing a high-intensity laser pulse
through such plasma patterns, suitable conditions for the
QPM, required for HHG, can be created. These measure-
ments suggest that such conditions exist between 140 and
180 ns after the plasma initiation by the ablating laser pulse
(Fig. 3). Within this temporal window, the plasma jets are
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several hundred microns wide and have a relatively uniform
temperature and a relatively low electron density of
� 1017 cmÿ3, whereas at later times the plasma structure
begins to fade. Examining Fig. 3 in depth shows that the
modulation of the plasma density is significant for harmonic
generation, while the authors suggest that much higher
periodicities suitable for the generation of higher harmonics
could be reached by using finer lithography in preparation of
the target. They have demonstrated the feasibility of a robust
scheme for tailoring plasma structures with control over
material composition, temperature and density (of both free
electrons and neutrals), through the ablation of specifically
prepared lithographic targets, which can support quasiphase
matched HHG.

4. Theoretical studies of high-order
harmonic generation in various media

4.1 Harmonic generation in fullerenes
using few-cycle pulses
Fullerenes can be considered as an attractive nonlinear
medium for HHG. Their relatively large sizes and broadband
surface plasmon resonance (SPR) in the extreme ultraviolet
range allowed the first demonstration of efficient HHG from
fullerenes near their SPR (lSPR � 60 nm, with 10-nm
FWHM) [37]. The application of the laser ablation technique
led to the creation of relatively dense C60-rich plasma
(� 5� 1016 cmÿ3), in stark contrast to the density
< 1014 cmÿ3 obtained using heat oven-based methods of
production of fullerene beams.

Theoretical studies of HHG from C60 using multicycle
pulses involved extending the three-stepmodel [83], analyzing
an electron constrained in its motion to the surface of a rigid
sphere with geometrical parameters similar to those of the C60

fullerene [84], and applying dynamical simulations [85]. In the
last study, higher-order harmonics were shown to appear due
to multiple excitations and could be easily generated even
with a weak laser field. Those studies revealed howHHG can
be utilized to probe the electronic and molecular structure of
C60. At the same time, the theoretical investigation of such
systems is hampered by the fact that the Hamiltonian

governing HHG is time-dependent, and the systems consist
of many electrons. The investigation of the influence of the
fundamental properties of electrons on resonant HHG can be
performed by means of the multiconfigurational time-
dependent Hartree±Fock (MCTDHF) approach which has
the accuracy of the direct numerical solution to the Schr�odin-
ger equation and is almost as simple as the ordinary time-
dependent Hartree±Fock (TDHF) approach. In particular,
the computations might be based on Heidelberg multicon-
gurational time-dependent Hartree (MCTDH) software
packages [86]. In paper [49], simulations of resonant HHG
were performed by means of an MCTDHF approach for
three-dimensional fullerene-like systems. The influence of the
C60 SPR on the harmonic generation efficiency in the range of
60 nm (E � 20 eV) was analyzed and showed ways to
optimize resonant HHG.

The saturation intensities of different charge states of C60

are higher than in isolated atoms of a similar ionization
potential [87]. In this connection, it would be interesting to
analyze the behavior of fullerene molecules in the field of a
few-cycle laser pulses from the point of view of harmonic
generation and compare these studies with those carried out
using multicycle pulses.

Once considered exotic, fullerenes are nowadays com-
monly synthesized and utilized in research. These molecules
have a graphite-like structure but, instead of a purely
hexagonal packing, they also contain pentagons (or even
heptagons) of carbon atoms, which bend the graphene sheet
into spheres, ellipses, or cylinders. Among fullerenes, C60

molecule is particularly noteworthy, since its pentagonal and
hexagonal rings of carbon atoms give it a spherical shape.
This feature endows C60 with an appealing spherical
symmetry, which can be taken into account to simplify the
treatment [88]. Here, we briefly outline the theory of a C60

molecule driven by a laser pulse in the form E�t� �
E0�t� sin �oLt�, polarized in the z-direction withE0�t� describ-
ing the on±off switching of the pulse profile and frequency
oL; in the present calculations, the pulse profile has always
been taken as trapezoidal with 2 optical cycles of switching on
and off.

The C60±laser field interaction will be described in the
single active electron approximation with one electron
constrained to a structureless, spherical surface with a radius
R � 3:55� 10ÿ8 cm� 6:71a0, where a0 is the Bohr radius; the
electron is otherwise unconstrained.

Within the model considered, the Hamiltonian of the
problem is written out as

Ĥ � Ĥ0 � �hO0�t� cos y sin �oLt� ; �1�

where

Ĥ0 � �h 2

2I
L̂ 2 �2�

is the Hamiltonian of C60 in the absence of a laser field,
�hO0�t� � eRE0�t�, I � meR is the moment of inertia of the
electron, and L̂ 2 is the angular momentum operator squared,
whose eigenstates are the usual spherical harmonics
Y`m�y;j� ! j`;mi: L̂ 2j`;mi � `�`� 1�j`;mi, where ` is the
orbital angular momentum, andm is the quantum number of
the angular momentum projection. Nevertheless, the fact
that j is a cyclic variable makes m a constant quantum
number; y is the angle the electron position vector takes with

a b c

100 ns 140 ns 180 ns

Figure 3. Monochromatic imaging of the plasma jets at different times:

(a) 100, (b) 140, and (c) 180 ns, using a 30 ns gate. The dashed line

marks the target's surface, and the double arrows measure up to 200 mm
scale [82].
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the z-axis. Accordingly, the energies of the bare states are

�ho` � �h 2

2I
`�`� 1�; �3�

thus, the gap between adjacent energy levels linearly increases
with l. This particular feature can be reminiscent of the
ionization suppression in C60 resulting from the experimen-
tal fact that the molecule can absorb from the laser field an
amount of energy quite larger than the minimum required for
its ionization.

The time-dependent SchroÈ dinger equation to be solved is
written in the form

i�h
q
qt

��C�t�� � Ĥ
��C�t�� ; �4�

with jC�t�i being the full time-dependent wave function of the
active electron acted upon by the laser field.

In accordance with previous assumptions, it is conve-
nient to write out the state vector at time t, jC�t�i, as a
linear combination of eigenstates of the laser-free Hamilto-
nian Ĥ0:

��C�t�� �X1
` 0�0

X̀
m 0�ÿ`

a` 0 ;m 0 �t�j` 0;m 0i ; �5�

where a` 0;m 0 �t� are expansion coefficients to be found by
substitution into the time-dependent SchroÈ dinger equation.
Let jL;mi be the initial state for the highest-occupied
molecular orbital; according to the previous discussion, the
laser field will couple only states with m � m 0. Therefore, the
time-dependent SchroÈ dinger equation becomes

i _a`;m � o` a`;m � O0

X1
` 0�L

sin �oLt�h`;mj cos yj` 0;mia` 0;m : �6�

When fulfilling the Pauli exclusion principle and the single
active electron approximation, the summation does not
extend over occupied molecular core states. Thus, the matrix
element calculation reduces to a standard integration of three
spherical harmonics:

h`;mj cos yj` 0;mi

�
������
4p
3

r �
Y �`;m�y;j�Y1; 0�y;j�Y` 0;m�y;j� dO : �7�

By setting

b`;m �
������������������������������������������������
�`�m� 1��`ÿm� 1�
�2`� 1��2`� 3�

s
; �8�

one can obtain:
if `5L then�
Y �`; 0�y;j�Y1; 0�y;j�Y`�1;m�y;j� dO �

������
3

4p

r
b`;m ;

�9�

if ` > L then�
Y �`; 0�y;j�Y1; 0�y;j�Y`ÿ1;m�y;j� dO �

������
3

4p

r
b`ÿ1;m :

Therefore, one arrives at

i _aL;m � oLaL;m � O0�t� bL;m sin �oLt� aL�1;m ; �10�
i _a`>L;m� o` a`;m� O0�t� sin �oLt��b`ÿ1;ma`ÿ1;m� b`;ma`�1;m� :

Since the energy gap increases with `, one can argue that
the population of the upper levels becomes negligible; thus,
the energy levels with quantum numbers ` > L�N do not
participate in the dynamics of the system. The set of
differential equations shows a ladder-like structure, so that
any energy level is coupled to the two adjacent levels. This
system can be numerically solved by utilizing the Odesolve45
Matlab numerical routine.

Once the probability amplitudes ak;m have been obtained,
it is rather simple to get the matrix element of the electric
dipole moment er�t� induced by the laser field on C60:

r�t� � 
C�t���R cos y
��C�t��

� R
X1
s�0

bL�s;m�a �L�s;maL�s�1;m � aL�s;ma
�
L�s�1;m� : �11�

Here, R is the fullerene radius.
The calculated harmonic spectra from C60 molecules are

presented in Fig. 4 for 780-nm (photon energy Eph � 1:6 eV)
and 1300-nm (photon energy Eph � 0:96 eV) laser pulses
propagating through a fullerene medium [89]. The calcula-
tions were carried out for 2-cycle pulses (t � 5:2 fs) and
12-cycle pulses (t � 31 fs) of 780-nm radiation, and 8-cycle
pulses (t � 34 fs) of 1300-nm radiation and an intensity of
6� 1014 W cmÿ2, which was close to the experimental
conditions of fullerene HHG [37, 89].

The spectra of well-resolved harmonics (see Fig. 4) are
formed but with broadened lines (in the case of short laser
pulses) and hyper-Raman lines (in the case of long pulses)
presented. Hyper-Raman lines with a frequency other than
the harmonic frequencies are due to transitions between
laser-dressed molecular states [90, 91]. The presence of these
lines was predicted at the very beginning of the HHG
theoretical treatment [92] and has been found in different
contexts, such as the two-level approximation, quantum dot
calculations, the hydrogen-like approximation, and so on
[93±96], but has never been observed in actual experiments.
Several explanations have been proposed for this failure; for
example, it has been argued that they add destructively in
the forward wave direction or that they show a transient
nature and are thus overwhelmed by the odd harmonics
presented [97, 98].

Calculations have shown the presence of well-defined
harmonics (up to the limiting generated harmonic order
Hc � 31) in the case of 1300-nm multicycle pulses. This
theoretical model exploited the spherical symmetry of the
C60 molecule by introducing a number of approximations, the
most important of which is that the molecule cannot be
ionized. This approximation deserves some comment. In
spite of the ionization suppression of the C60 molecule, some
ionization is bound to occur, so that the theory becomes
unreliable when ionization becomes significant. The plateau
harmonic cut-off in the case of 1300-nm radiation was
extended, as opposed to 780-nm radiation �Hc � 17�, attest-
ing to agreement with experiment [89].
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4.2 Various approaches to describing
observed peculiarities of the resonant enhancement
of a single harmonic in laser plasma
The dependence of the recombination probability on the
electron return energy and on the structure of the target is
reflected in the HHG spectrum and has been a subject of
intensive research in recent years. To enhance the notoriously
low efficiency of the HHG process, it appears promising to
exploit the effect of resonances, which is known to be of great
importance in photoionization. The investigation of resonant
peaks in the photoionization cross section has a long history,
including studies of autoionizing resonances [99, 100], shape
resonances [101], and giant resonances [102], but there have

been only a few experimental studies on the role of resonances
in HHG.

The role of atomic resonances in increasing the laser
radiation conversion efficiency was actively discussed in the
framework of perturbation theory at the early stages of the
study of low-order harmonic generation (see monograph
[103] and references cited therein). In the case of HHG, the
increase in the efficiency of generated harmonics due to
resonance processes came under discussion almost a decade
ago, and this approach appears to have considerable promise
with the use of ion and, in some cases, atomic resonances [19,
20, 104±108]. These papers comprise both the theoretical
treatment of the process and the description of the first
attempts to form resonance conditions in gas HHG experi-
ments. In particular, the authors of Ref. [19] investigated
resonance-enhanced HHG, with emphasis placed on the
physical mechanisms of the enhancement. By truncating a
long-range interaction potential, the researchers studied the
significance of the long-range tail, the Rydberg series, and the
existence of highly excited states for the enhancements of
harmonics.

While theoretical estimates testify to the possibility of an
efficient enhancement of individual harmonics and groups of
harmonics, experimental work revealed the difficulties
encountered in observation of resonantly enhanced HHG in
gases. Further developments have demonstrated that the use
of plasma media could largely facilitate the solution to the
problem of resonance harmonic enhancement. Examination
of a large group of potential targets allowed identification of
some of them as suitable for demonstrating this process [2,
33]. The advantages of `plasma HHG' over `gas HHG' were
amply manifested in those studies, because the number of
possible media in the former case is far greater than in the
latter case.

Some attempts at explaining the experimental observa-
tions of resonant enhancement in plasma harmonics have
been reported recently [49, 55, 109±114]. In particular, it has
been shown in Ref. [110] that the influence of atomic
autoionizing states on the phase matching of HHG may
result in the efficient selection of a single harmonic in
calcium-ablated plasma. This was the first report on efficient
high-order harmonic selection using autoionizing states. The
calculations [110] showed that the achievement of phase
matching for the HHG with Ti:sapphire laser radiation in
Ca� plasma results in the selection of a single (21st) harmonic
with a conversion efficiency of � 10ÿ3. The variations of the
plasma components and fundamental wavelength result in
the tuning of a selected harmonic frequency in the plateau
region. The influence of a nonstationary Stark shift and free
electrons changes the phase mismatch and the optimal laser
frequency at which the efficient selection of a single harmonic
is achieved. Therefore, intensity enhancement due to laser
beam propagation effects can be even greater than that in the
single-atom approximation.

An approach that suggests an HHG model describing
enhancement of the generation efficiency for the harmonic
resonant with the optical transition between the ground and
the autoionizing state of the generating ion was developed by
Strelkov [111]. In his model, the third (recombination) step of
theHHG three-step scenario [27] is partitioned into two steps:
the capture of a laser-accelerated electron into an auto-
ionizing state of the parent ion, followed by the radiative
relaxation of this state to the ground state with emission of the
harmonic photon. Figure 5 illustrates calculated results from
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Figure 4. Calculated harmonic spectra obtained from fullerene plasma in

the case of (a, b) 780-nm and (c) 1300-nm probe radiation at the intensities

of 6� 1014 W cmÿ2. The pulse durations are (a) 2 optical cycles (5.2 fs),

(b) 12 optical cycles (31 fs), and (c) 8 optical cycles (34 fs) [89].
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paper [111] indicating that while the enhancement values for
different media differ by almost two orders of magnitude, the
theoretical results are close to the experimental ones. The
difference between them is attributable to the medium effects
(harmonic absorption and detuning from the HHG phase
matching) that were not taken into account in this theory.

Although this four-step model provides reasonable
estimates for the ratio of the enhanced harmonic intensity to
the averaged intensity of neighboring harmonics, the authors
of Ref. [113] point out that the suppression of harmonics
preceding the resonant one remains a puzzle for the
theoretical model [111]. Frolov et al. [113] showed in their
research that enhancements of single harmonics with energies
near the energies of autoionizing states in atoms or atomic
ions, as well as the aforementioned suppression of the
preceding harmonics, may be interpreted (at least for those
harmonics in the region of the classical plateau cut-offs for a
given laser frequency and intensity) in terms of the usual
three-step scenario of HHG [27], without any additional
assumptions or extensions. Notably, they successfully repro-
duced the main features observed in experiments on HHG
from the plasmas produced by the laser ablation of solid Cr
andMn targets. For both 800- and 400-nm laser wavelengths,
these features are due to ionic structure effects on the
radiative recombination cross sections of Cr2� and Mn2�

ions (or, equivalently, on the photoionization cross sections
of Cr� and Mn� ions). These effects were predicted by the
factorization formula [115] for the HHG rates.

The experimental measurements of these rates serve to
complement the measurements of Cooper minima in HHG
from neutral atoms [116, 117]. In contrast to manifestations
of the Cooper minima in HHG rates, however, which have a
predominantly single-electron origin, plasma HHG results
can be regarded as the first experimental evidence of genuine
multielectron atomic dynamics. Since this dynamics cannot,
in principle, be described by the commonly applied single-
electron approximation to solution of the time-dependent
SchroÈ dinger equation for HHG, the search for atomic targets
permitting enhanced harmonic generation in the XUV range
should stimulate accurate multielectron calculations of the
photoionization cross sections from inner and outer electron
shells of complex atoms and ions in order to provide an
accurate description of the strongly resonant transitions that
underlie the enhanced yield of particular high-order harmo-
nics.

It was found by Milo�sevi�c [112] that the laser intensity
dependence of the intensity and phase of the single harmonic
generated in the resonant HHG from plasma ablation differs
from that of the standard plateau and near-cutoff higher
harmonics. The resonant harmonic intensity increases con-
tinuously (i.e., without rapid oscillations) with an increase in
the laser intensity, while the resonant harmonic phase remains
almost constant. Such unusual behavior of the harmonic
phase requires a detailed experimental investigation.

Subfemtosecond light pulses can be obtained by super-
posing several high-order harmonics. In the context of the
recent first attosecond pulse train reconstruction of high-
order harmonics from laser ablation plasma [62], the results
of Ref. [112] are even more important. It was found that the
temporal profile of a group of odd harmonics, which
encompasses the resonant harmonic, shows up in the form
of a broad peak in each laser-field half-cycle. This is an
advantage in comparison with the usual plateau and cut-off
harmonics, where two such peaks are generated every half-
cycle, which requires the appropriate experimental technique
(i.e., such focusing that the collective effects due to the
macroscopic propagation select only one emission peak).
Taking into account the smooth dependence of the harmonic
intensity on the laser intensity, and that it is not necessary to
manipulate with long and short orbits of an accelerated
electron via appropriate focusing, one can expect that
resonant HHG has bright prospects for applications in
attoscience [118, 119].

HHG in the presence of a strong resonance was analyzed
in paper [114]. To reveal the HHG mechanism, a time±
frequency analysis of the intensity and phase was made. It
was found that the presence of a resonance gives rise to a clear
signature in the HHG spectrum, irrespective of the pulse
length. The time±frequency analysis supported Strelkov's
four-step model, according to which the recombination
process consists of two steps: capture of the returning
electron into the resonance, and subsequent radiative transi-
tion to the ground state. While the present one-dimensional
calculation favors capture from the long trajectory of an
accelerated electron, one can expect that a full three-
dimensional calculation will show a similar mechanism, but
with higher weight given to the short trajectory of this
electron. By nature of this process, the emitted harmonic
radiation is phase-locked with the usual harmonic emission
from the short and long electron trajectories. For long-lived
resonances, the interference occurs between the populations
caused by re-collisions in different half cycles. This leads to
new possibilities for XUV pulse shaping on the subfemtose-
cond time scale.

In Ref. [49], simulations of resonant HHG were per-
formed by means of a multiconfigurational time-dependent
Hartree±Fock approach for 3D fullerene-like systems, and
the influence of the C60 surface plasmon resonance on the
harmonic generation efficiency in the range of 60 nm
(E � 20 eV) was analyzed. Those results showed the ways
for resonant HHG optimization and, most important,
attosecond pulse train generation. The MCTDHF calcula-
tions of HHG from C60 clusters proved to be in good
qualitative agreement with the experimental data reported in
previous studies of harmonic generation in fullerene-contain-
ing laser plumes. The broadness of the SPR in C60 allows the
direct stimulated radiative transition from the continuum to
the ground state without the additional need of radiationless
transition, thus making possible competing enhancement of
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neighboring harmonics, which is useful for attosecond pulse
train generation.

In general, multielectron SPR of C60 is a generalization to
two-electron autoionizing states in atoms and simple mole-
cules. However, the extreme width of the plasmon resonance
permits direct recombination, whereas for occupying auto-
ionizing states the radiationless transition to these states
should happen first. Usage of a strongly ionized medium
with isolated delocalized electrons as a target for resonant
HHG can be favorable for the extension of such attosecond
pulse trains towards the water-window spectral region.

Research work [53] was devoted to an explanation of the
observed phenomenon of resonant enhancement of a single
harmonic in indium-ablated plasma without enhancement of
neighboring ones. It can also be used to select the most
promising targets for resonant HHG and to increase its
efficiency by controling the pump radiation parameters. All
computations by Redkin et al. [53] were performed using the
time-dependent density functional theory (TDDFT) [120]
with the aid of OCTOPUS real-space real-time code [121,
122], which is a software package for performingKohn±Sham
TDDFT calculations. A detailed description of the TDDFT
formalism can be found in lecture [123]. The results of
TDDFT calculations of the HHG in indium-ablated were
found to be in good qualitative correlation with experimental
data [25]. This allowed proof of the possibility of direct
resonant recombination for HHG on the basis of calcula-
tions covering artificially chirped pulses. The peculiarities of
this approach were also discussed and compared with existing
theories of resonant harmonic enhancement.

As a general conclusion, in any time-dependent HHG
calculations, which support the presence of strongly excited
states, a resonant HHG should be observed if resonant
conditions are met at the moment of recombination. The
states themselves can be artificially introduced for single-
electron models [117] or can follow naturally from the
potential well structure in multielectronic calculations.
Examples of such approaches are presented in the sections
that follow.

4.3 Two-color pump resonance-induced enhancement
of odd and even harmonics from a tin plasma
Among the few laser-produced plasmas demonstrating
enhanced higher harmonics, tin represents an interesting
sample of single-harmonic generation, when strong radiative
transitions in singly and doubly charged ions can consider-
ably influence this process, depending on the experimental
conditions (wavelength of driving radiation, laser pulse chirp,
single- or two-color pump, spectral width of driving radia-
tion, pulse duration, etc.), which was confirmed during
experimental and theoretical studies of HHG in an Sn-
ablated plasma [36, 43, 111, 124]. In the meantime, a further
search for superior properties of this plasma, together with
consideration of the role of different plasma species (neutrals,
singly and doubly charged ions) in the optimization of a
harmonic generation efficiency, can improve our understand-
ing of the role of various ion transitions in the efficiency of
this nonlinear optical process. The application of high pulse
repetition rate lasers generating broadband ultrashort pulses
can also enhance the output power of generating resonant
harmonics from a tin plasma.

Below, we discuss theoretical studies of the photoabsorp-
tion spectra of different ions in tin plasma [69] and analyze the
calculations of the harmonic output for odd and even

harmonics under variable experimental conditions, based on
the approach developed by Strelkov [111].

From the published data on Sn II radiative transitions in
the studied spectral region [125], one can find that the
observed enhancement of the 16th harmonic (E � 25:43 eV)
and the 17th harmonic (E � 27:02 eV) of chirp-free 780-nm
laser radiation can be attributed to the transitions
4d105s25p 2P3=2 ! 4d95s25p2. The frequencies of these transi-
tions, some of which possess reasonably large oscillator
strengths, lie in the photon energy range from 24.9 to
27.3 eV. One can also attribute the observed enhancement of
the 15th harmonic (generated by the negatively chirped pulse)
to its approach towards the range of the 4d105s25p 2P3=2 !
4d95s25p2 transitions in the Sn II ion. However, Sn II
radiative transitions cannot adequately explain the enhance-
ment of the 17th harmonic, when the pulse chirp variations
cause a blue shift of radiation frequency and its subsequent
generation at a wavelength of 45.1 nm (E � 27:49 eV).
Therefore, one has to also consider the Sn III ions as a
potential source of enhancement of this harmonic.

In order to simulate resonant HHG enhancement in Sn II
and Sn III ions, one has to calculate the characteristics of the
autoionizing (AI) states in these ions. Duffy et al. [125]
recorded 4d! 5p photoabsorption spectra of Sn II and
Sn III ions in the 23±33 eV range. Transitions from the
4d105s25p ground state of Sn II and from the 4d105s2 ground
and 4d105s5p excited states of Sn III were detected and
successfully identified with the aid of multiconfigurational
Hartree±Fock calculations. These calculations were repeated
in the study under discussion [69] to replicate these optical
spectra and provide estimates of the autoionizing widths for
the dominant transitions.

For the Sn II (Ip � 14:63 eV) spectrum configuration,
the interaction calculations were performed in the self-
consistent Russell±Saunders coupling scheme with the
HXR mode (Hartree plus exchange plus relativistic correc-
tions) of the Cowan code [126] for radiative transitions
between the ion states 4d105s25p! 4d95s25p; np; mf
�54 n4 13, 44m4 13�. The Slater parameters F k, Gk

and the configuration interaction parameter Rk were fixed
at 85% of the ab initio values, while the spin±orbit parameter
was left unchanged. Good agreement was achieved between
the calculated transition energies and strength values
obtained in the previous work [125], with maximum discre-
pancies of 0.12 eV and 0.09, respectively, which may be
attributed to the increased basis set and scaling factors in the
discussed study. Calculations were performed to determine
the autoionizing decay widths of the excited 4dÿ1 states,
which are allowed to decay by the following processes:

4d95s25p np;mf! 4d105s2 � el �l � 0; 2; 4� ; �12�
! 4d105s5p� e 0l �l � 1; 3� ; �13�
! 4d105p2 � e 00l �l � 2� : �14�

Here, l is the azimuthal (orbital) quantum number.
The values of e, e 0, and e 00 are the differences in the

configuration-average energies of the excited 4dÿ1 configura-
tion and each final Sn III ion configuration. Synthetic spectra
were constructed by assuming a Lorentzian line profile:

s�E � � 109:7 fkGk

2p
��Ek ÿ E �2 � G 2

k=4
� ;
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where Ek and Gk are the energy and autoionization decay
width of the radiative transition in eV, fk is the oscillator
strength, and k is the number of state. The synthetic spectrum
was then convolved with a Gaussian instrumental function of
width 0.030 eV; it is presented in Fig. 6.

For Sn III spectra, calculations were performed in a
jj-coupling scheme for transitions from both the ground
4d105s2 and the excited 4d105s5p electron configurations,
which has a configuration-average energy of 6.87 eV. In
these calculations, the Slater integrals were scaled to 80%,
except the spin±orbit integral which was left unchanged. The
4d95s25p electron configuration (the configuration-average
energy of 26.91 eV) does not autoionize, because it lies below
the ionization limit of an Sn IV ion (30.50 eV [127]). The

excited 4d95s5p2 configuration has a configuration-average
energy of 35.22 eV and, therefore, once populated 4d105s5p
excited state can autoionize through the following processes

4d95s5p2 ! 4d105s� el �l � 0; 2; 4� ; �15�

where the values of e are the differences in the configuration-
average energies of the excited 4dÿ1 configuration and each
final Sn IV ion configuration. The resulting synthetic spectra,
which were convolved with a Gaussian instrumental function
0.030 eV in width, are also presented in Fig. 6. The radiative
transition characteristics required for resonant HHG simula-
tion are listed in Table 1. The experimentally observed
enhancement of the blue-shifted 17th harmonic (at
l � 45:1 nm) [69] can be attributed to the Sn III transitions
4d105s2 ! 4d95s25p (E � 27:6 eV, l � 44:92 nm). It should
be noted that autoionizing states are not involved in this
transition; thus, this enhancement cannot be explained via the
four-step model [111]. The enhancement can be ascribed to
better phase-matching conditions near the resonance [2], and/
or to the mechanism of single-atom response enhancement.
Understanding the origin of this enhancement requires
further studies.

Resonant HHG simulation is based on the numerical
solution of the 3D time-dependent SchroÈ dinger equation
(TDSE) for a model ion in an external laser field. One can
rely on a single-electron approximation accounting for the
interaction with other electrons and with a nucleus with a
model potential, as was done in Refs [111, 114]. This method
is applicable, in particular, to the description of the
resonances in the Sn II and Sn III ions. The following form
of the model potential for the parent ion was utilized (atomic
units are used throughout):

V�r� � ÿ Q� 1����������������
a 2
0 � r 2

q � a1 exp

"
ÿ
�
rÿ a2
a3

�2
#
; �16�

where Q is the charge state of the generating ion (1 for Sn II,
and 2 for Sn III), a0, a1, a2, and a3 are the fitting parameters,
and r is the polar coordinate.

These parameters are chosen to reproduce the properties
of certain radiative transitions in Sn II and Sn III * ions.
Namely, Sn II undergoes a transition 4d105s25p 2P3=2 !
4d95s25p2 �1D� 2D5=2 with a frequency (E � 26:22 eV) close
to the 16th and 17th harmonic frequencies of the 780-nm
chirp-free driving radiation and with an oscillator strength
essentially exceeding those for the other transitions in this
spectral region. Thus, one can neglect the other AI states in
this ion and choose the potential parameters to reproduce this
AI state energy, the ground state energy, the AI state
linewidth, and the oscillator strength of the transition. For a
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Table 1. Autoionizing properties of some transitions in tin ions.

Ion Transition Ecalc, eV g f 1* G, meV

Sn II

Sn III

Sn III *

4d105s25p 2P3=2 ! 4d95s25p2 2D5=2

4d105s2 1S0 ! 4d95s25p 1P1

4d105s5p�1=2; 3=2�2 ! 4d95s5p2�5=2; 1=2�3 4*

26.222*

27.6 3*

28.485*

1.43

0.87

0.84

160.0

ì

47.20

1* The g f quantity is the product of the oscillator strength f of a transition and the statistical weight g of the lower energy level.
2*, 5* Calculated energies were shifted by 0.46 eV and ÿ0:65 eV, respectively.

3* Calculated energies were shifted by 0.16 eV.
4* The jj-coupling is denoted by �Jcore; Jn`�J, where the subscript J refers to the total angular momentum of the level.
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doubly ionized Sn III * ion, the transition with a frequency of
28.48 eV has the greatest oscillator strength in this spectral
region. So, simulatingHHGwith Sn III * ions, one can choose
themodel potential parameters to reproduce the properties of
this transition. The method of the TDSE solution was

described in Ref. [128]. The spectrum of the microscopic
response calculated for the Sn II ion is presented in Fig. 7a.
One can see the pronounced enhancement of the 17th
harmonic, in agreement with the experimental results
reported in Ref. [69].

To study the frequency range in which the harmonic is
enhanced, the HHG from Sn II ions was calculated using
slightly different fundamental frequencies. The frequency
dependence of the harmonic enhancement is presented in
Fig. 7b. It is readily seen that maximum enhancement is
achieved for a frequency that differs from the transition
frequency in the absence of the laser radiation, thus conform-
ing to experimental results [43]. This difference can be
attributed to the Stark shift of the AI and ground states in
the laser field. The width of the spectral range where the
harmonic is enhanced measures about 0.7 eV (FWHM). This
is higher than the AI state width calculated in the absence of
the laser field (0.160 eV, see Table 1) and used in this model.
This peculiarity may be explained by the broadening of the AI
state due to its photoionization by the laser field.

4.4 Calculations of single harmonic generation
from Mn plasma
In this section, we present the results of numerical simulations
of high-harmonic generation in manganese plasma within a
1Dmodel [129]. It was assumed that the main contribution to
the resonance peak in the spectrum observed in experiment
[129] comes from Mn� ions. Notice that the ionization
potential of Mn2� ions (33.7 eV) is more than twice as high
as that of Mn� ions (15.6 eV). The time-dependent Schr�odin-
ger equation was solved by means of the split-operator
method [130]. The Mn� target was modeled using a potential
supporting ametastable state by a potential barrier [111, 114].
The shape of the potential is as follows (Fig. 8a):

V�x� � ÿa� a

1� exp
��x� b�=c�� a

1� exp
��ÿx� b�=c�

� d=�e� x 2�
1� exp

��x� b�=c�� d=�e� x 2�
1� exp

��ÿx� b�=c� ; �17�
where a, b, c, d, and e are parameters chosen to be 1.672, 1.16,
0.216, 8.95, and 0.63, respectively, so that the width of the
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resonance and the energy gap between the ground and the
resonant states resembles the experimental data [131]. The
metastable state in this model potential is located 51.8 eV
above the ground state. The laser field is approximated by
E�t� � E0 f �t� cos �o0t� j�, where f �t� is the pulse envelope,
j denotes the carrier envelope phase (CEP), ando0 is the laser
frequency corresponding to the central wavelength
l � 760 nm. The laser intensity is I0 � 4� 1014 W cmÿ2. A
CEP of j � 0 means that the maximum of the envelope
corresponds to a maximum of sin �o0t�.

HHG spectra were calculated for pulse shapes with
different lengths and for different values of j (Fig. 8b, c). A
sin2 envelope with a total length of 4 full cycles was used to
model the 3.5-fs laser pulse, while an envelope with 4 cycles
sin2 switch-on/off, 13 cycles of constant intensity, and,
consequently, 21 cycles total duration was utilized to model
the 40-fs case. The long pulse led to an HHG spectrum that
showed well-defined peaks at the odd harmonic orders and
exhibited a weak dependence on the CEP (Fig. 8b). Figure 8c
plots the dependence of the harmonic spectrum on the CEP
for short, few-cycle pulse. In all cases, the resonance
dominated the spectrum. The most intense emission
occurred around 51 eV, where the metastable state is
located. Although some difference between resonant har-
monic spectra at j � 0, p=4, and p=2 is found, we note that
the CEP dependence is strongest for the spectrum outside

the region of the resonance. For random CEP, the
substructure of the spectrum will average out, as confirmed
by numerical averaging over 20 values of the CEP in the
range from 0 to p. The resonance peak itself depends less on
the CEP. The case of j � p=4 appears to be special, since a
dip due to trajectory interference seems to coincide with the
resonance peak.

In order to investigate the temporal characteristics of the
harmonic emission in numerical simulations, a Gabor
transformation was performed [132]:

G�o; t� � �2ps 2�ÿ1=2
�
dt a�t� exp �iot� exp

�
ÿ�tÿ t�2

2s 2

�
;

�18�
where a�t� is the dipole acceleration deduced from the
simulation, and s is the parameter equal to 1=�3o0�. The
modulus squared, jG�o; t�j2, defines the time±frequency
distribution. The temporal intensity profile of the XUV
emission is calculated as the square of the time-dependent
dipole acceleration after filtering out the photon energies
below 1.2 atomic units (corresponding to 32.7 eV). In fact, the
emission profile is not much affected by the filtering, since the
spectrum is strongly dominated by the resonance. The
calculated results are given in Fig. 9. Comparing the short-
and long-pulse regimes, one can notice that, whereas in
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Fig. 9b±d resonance emission occurs at the end of the few-
cycle pulse, Fig. 9a shows that the resonance state is
repopulated and decays each half cycle of the multicycle
pulse.

For most CEPs, the emitted radiation can be viewed as an
isolated sub-fs XUV pulse if the pulse length is defined, in the
usual way, as the full width at half maximum. This main
emission burst is either preceded or followed by a small side
peak. Similar emission profiles were found for three values of
the CEP (0, p=4, and p=2, Fig. 9b±d). The time of maximum
emission varies in a range of less than 1 fs with CEP. These
calculations show that one can usually get subfemtosecond
XUV pulses, or at least � 1-femtosecond XUV pulses, for
different values of the CEP. This is in sharp contrast with the
usual strong CEP dependence of isolated attosecond pulse
generation [133±135], suggesting that resonance-induced
HHG driven by few-cycle pulses provides a route to isolated
XUV attosecond pulse generation with reduced requirements
for CEP stabilization.

5. Harmonic generation
of picosecond Nd:YAG laser radiation
in ablation-produced plasmas

As was already pointed out, the advantages of HHG in a
plasma plume could largely be realized employing the low-
excited and weakly ionized plasma, because in that case the
limiting processes governing the dynamics of the laser
frequency conversion would play a minor role [4, 136, 137].
A search for the best experimental conditions, such as the
pulse duration of a driving laser field, for efficient HHG in
different spectral ranges is a way to further enhance harmonic
yield.

Almost all previous plasmaHHG studies were carried out
with femtosecond pulses. The spectral range of those
experiments was restricted at the longer-wavelength side to
� 80 nm, which was determined by the registration properties
of the commonly used detectors of harmonic spectra
(microchannel plates). A limited number of studies into
plasma HHG were performed in the spectral region above
this wavelength. A search for resonance enhancement of a
single harmonic under these conditions can be justified by the
presence of strong ion and neutral transitions in the longer-
wavelength vacuum ultraviolet range (80±200 nm). Next, the
application of longer pulses could avoid the impeding
processes restricting the efficiency of harmonic generation in
this region. There are two main limiting processes which can
decrease the conversion efficiency in the ionic medium. The
first one is an excess of free-electron concentration caused by
overexcitation of the target surface. The appearance of a
considerable number of free electrons is a result of the
ionization of both neutral atoms and singly charged parti-
cles. This results in self-defocusing of the propagating probe
pulse. The second process is directly related to the first one.
The phase matching conditions of the driving and harmonic
waves, which are maintained for a moderate number of free
electrons appearing during ionization of neutrals in the
ablation process, break up due to an increase in free electron
concentration. This increase occurs abruptly once the fluence
of the heating pulse reaches the threshold level, when the
overexcitation of targets leads to the appearance of doubly
and multiply charged particles. Furthermore, the use of
longer pulses can also increase the fluence of harmonic
emission at comparable HHG conversion efficiencies from

picosecond and femtosecond sources due to the higher pulse
energies available in the former case.

Recent studies have shown the attractiveness of the
application of long laser pulses for third-order harmonic
generation from laser plasmas [61, 68, 74]. Below, we present
an analysis of the higher-order harmonics generated in
various plasmas by utilizing 1064-nm, 38-ps pulses [138].
The goal of those studies was to search for the conditions of
generation of energetic coherent picosecond pulses in the
range of 80±220 nm employing diverse metal-ablated plasma
plumes.

A passive mode-locked Nd:YAG laser (1064-nm, 1.5-Hz
pulse repetition rate) generated a 38-ps pulse. Two-stage
amplification of the single pulse was followed by the splitting
of this radiation into two parts, one (heating pulse) with an
energy of 5 mJ, which was used for plasma formation on the
target surface, and the other (probe pulse) with an energy of
up to 28 mJ, which was used after some delay for frequency
conversion in various plasma plumes (Fig. 10). The heating
pulse was focused with the aid of a 300-mm focal length lens
inside a vacuum chamber containing the targets. A variety of
metal materials (copper, chromium, zinc, niobium, silver,
indium, molybdenum, titanium, tin, lead, tantalum, manga-
nese, tungsten, gold, boron, and aluminum) were tapped as
the targets for laser-induced plasma formation. The plasma
cloud sizes were in the range of 0.5 mm. The heating pulse
intensity on the target surface run to � 1011 W cmÿ2. The
diameter of the single-mode probe beam measured 4 mm.
This beam was focused inside the plasma plume with the aid
of a 150-mm focal length lens. The probe beam propagated at
a distance of 100±150 mm from the surface of the target. The
intensity of the probe pulse at the focus reached
4� 1013 W cmÿ2. The focal spot resided inside the plasma
plume. The time delay between the heating and probe pulses
was maintained at 25 ns, which was optimal for efficient
harmonic generation in most of the metal-containing plas-
mas. The harmonic radiation was analyzed with a vacuum
monochromator.

Analysis of the evolution of the optical spectra of laser
plasma provides important information about the plasma
parameters and can be used for multiple applications.
Notably, time-resolved laser-induced plasma spectrometry
in studies of high-harmonic generation in gold, silver,
manganese, and vanadium plasmas [42] allowed the identifi-
cation of emissions from native species and optimization of
conditions when the plasma mostly consisted of excited
neutrals and singly charged ions. It should be noted that

FP

PP

FL

FL

SS

M

VC

VMR-2

T G

PMT

Figure 10. Experimental setup for studying HHG in a laser plasma using

picosecond pulses: FP, fundamental probe picosecond pulse; PP, heating

picosecond pulse; M, mirror; FL, focusing lenses; VC, vacuum chamber;

T, target; VMR-2, vacuum monochromator; G, grating; SS, sodium

salicylate, and PMT, photomultiplier tube [138].
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most plasma HHG studies were carried out applying time-
integrated methods of plasma emission analysis, so it was
impossible to define exactly what plasma conditions existed
during the propagation of the femtosecond pulse through the
plume. Below, we discuss a time-integrated analysis of
spectral studies of plasma emission from various metal
targets involved in harmonic generation during propagation
of picosecond laser radiation through plasma. Those studies
were aimed at defining the optimal plasma conditions for
efficient HHG from laser plumes and showed that, while for
most plasma plumes overexcitation during laser ablation
leads to a drastic decrease in harmonic generation efficiency,
in some cases one can achieve the conditions for extension of
the harmonic cutoff with picosecond probe pulses.

Spectral studies of atomic and ion emissions from laser-
produced plasmas have been carried out in the visible and
near-ultraviolet (UV) ranges (300±700 nm). This spectral
region was chosen due to the existence of multiple ion and
atomic radiative transitions in the plasma species studied. To
perform the ablation, a 1064-nm, 38-ps pulse from an
Nd:YAG laser was focused at different intensities onto a
metal target in a vacuum chamber. The spectral character-
istics of the laser plasma in the visible and UV ranges were
analyzed with a fiber spectrometer (HR4000).

The spectra of plasma emission fromMn- and Pb-ablated
plasmas are presented in Fig. 11. The spectral lines mostly
originated from the excited states of neutral and singly

charged ions, when the impeding influence of free electrons
on the high-order nonlinear optical processes in the laser
plasmas was insignificant. An increase in heating pulse
intensity on the target surfaces above 1011 W cmÿ2 led to
both the growth of emission intensity for neutral and singly
charged ion species and the appearance of emission lines from
the higher-charged particles. The appearance of doubly and
triply charged ions and a large number of free electrons was
immediately followed by a considerable decrease in HHG
conversion efficiency from almost all the plasma samples. The
variations of the plasma spectra in that case are presented in
Fig. 11, where one can examine the changes in the intensity of
plasma emission from the Pb and Mn targets. The thin and
thick curves correspond to weak and strong excitations,
respectively. This figure clearly shows an increase in the
intensities of Mn III and Pb II lines, which correlates to an
increase in the concentration of multiply charged ions in the
plasma plume and, correspondingly, the concentration of free
electrons.

In Ref. [138], the restricting features of harmonic genera-
tion dynamics during overexcitation of the targets were
observed in most of the plasma plumes analyzed. The
increase in heating pulse intensity from 1� 1011 to
3� 1011 W cmÿ2 in HHG experiments with these targets led
to the appearance of strong plasma emission. Under these
excitation conditions, the harmonic emission from various
plasmas overlapped with plasma emission. The intensity of
the generated harmonics became considerably weaker than at
1� 1011-W cmÿ2 excitation. In most of the plasmas, this
overexcitation led to a complete disappearance of harmonic
emission. The variations of HHG efficiency with the growth
in heating pulse intensity are depicted in Fig. 12. In particular,
the 11th harmonic generated from the Pb plasma started to
decrease its intensity with the growth of the heating pulse
energy above 3 mJ (Fig. 12a), which corresponded to a pulse
intensity of 1� 1011 W cmÿ2. In another case, an intensity
decrease in the 5th, 7th, and 9th harmonics generated in Mn
plasmawas observed at pulse energies above 1.5mJ (Fig. 12b).

The reason for the decrease in harmonic conversion
efficiency is related to overexcitation of the target, which led
to the appearance of an abundance of free electrons in the
plasma plume. As noted above, the latter causes a phase
mismatch between the waves of the driving field and the
harmonics. This effect is especially important for the lower-
order harmonics. One may call attention to the fact that a
decrease in harmonic efficiency with over-excitation of
plasma has been reported for higher-order harmonics as well
[139], although this decrease in converted XUV radiation was
less abrupt than that observed in the studies discussed.

The characteristic pattern of almost all the harmonic
spectra from metal plasmas was a featureless steep decrease
in conversion efficiency for the lowest orders, which was
followed by a gradual intensity decrease in higher harmonics
(a so-called plateau-like shape) up to the limit of the
registration range of the monochromator (50 nm, 21st
harmonic). Figure 13a shows the characteristic HHG spectra
obtained from Cr, Cu, and Ti plasmas. Most of these plasmas
exhibited comparable nonlinear optical properties from the
point of view of HHG conversion efficiency.

Measurements of the absolute values of the conversion
efficiencies of the harmonics generated in the plasmas were
carried out using the following procedure. In the first step, the
4th harmonic signal was measured by a `monochromator�
sodium salicylate� photomultiplier tube' detection system
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using the known energy of the 4th harmonic of 1064-nm
radiation generated in nonlinear crystals. This allowed
calibration of the monochromator against a wavelength of

266 nm. Since the quantum yield of sodium salicylate is equal
in a broad spectral range between 40 and 350 nm, calibration
of the registration system against 266-nm line allowed the
calculation of the conversion efficiency for the higher
harmonics. The monochromator was used for the observa-
tion of the harmonics between 300 and 50 nm. The conversion
efficiency of the plateau harmonics (15th±21st orders) was
measured to lie in the range of 10ÿ6ÿ10ÿ5. Table 2
summarizes the conversion efficiencies for different harmo-
nics in some metal-containing plasma plumes.

While most of the plasmas demonstrated similar proper-
ties, some of them showed an unusual spectral distribution of
harmonics. In particular, the generation of harmonics was
restricted in some cases to the 9th±15th orders. Among these
species were the Al, B, and Mo plasma plumes (Fig. 13b). A
few other plasmas showed even more interesting spectra,
where one could distinguish the enhancement of some
harmonics with regard to the lower-order ones. These were
the In and Nb plasma plumes, which exhibited an enhance-
ment of 11th harmonics, compared with lower harmonic
orders (Fig. 13c). Such dependences resemble those observed
in previous plasmaHHG experiments utilizing 800-nm pulses
a few dozen femtoseconds in duration for In, Mn, Cr, Sn and
other plasmas [2, 4]. The commonly accepted explanation of
these enhancements has a bearing on the closeness of the
wavelengths of specific order harmonics to the ion resonance
transitions in these media. Below, we discuss this peculiarity
in more details.

The observation of resonance enhancement in both
femtosecond and picosecond probe pulses is related to the
coincidence of harmonic and ion transition wavelengths. In
the case of femtosecond pulses, this opportunity has more
chance of being realized due to the broader bandwidths of the
harmonic radiation. However, the conditions of resonance
enhancement could be realized in picosecond pulses as well,
since some of the resonances in Nb and In ions occasionally
coincide with the wavelength of the 11th harmonic. These
observations were repeated several times in analogous studies
of the same plasmas, while none of the other plasma plumes
demonstrated these features.
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Pulse propagation effects could not explain these evi-
dences since, in that case, we would have to observe the
enhancement of at least a few neighboring harmonics as well.
One can note that the resonance enhancement of plasma
harmonics in the case of narrowband probe pulses is indeed a
rarely observed phenomenon. The application of various
plumes showed this enhancement only in the two above-
mentioned plasmas, while many more plasmas were reported
as suitable for resonance enhancement with femtosecond
broadband pulses. Figure 13 emphasizes the peculiarities of
the harmonic distribution observed in some plasma plumes.
Those observations indicated that the atomic number of the
element does not play a significant role in the classification of
the harmonic properties in the plasma media. The important
parameter here could be a second ionization potential of the
species used.

A few properties of the generated harmonics from metal-
ablated plasmas have been analyzed in depth. The time delay
between heating and probe pulses is crucial for optimization
of HHG. The concentration of particles (neutrals and singly
charged ions) is insufficiently high at the initial stages of
plasma formation and spreading out of the target surface
material, since the species possessing velocities in the range of
�2ÿ5� � 105 cm sÿ1 do not reach the optical axis of
propagation of the probe beam (100±150 mm above the
target surface). An increase in the time delay above 5 ns
allowed the appearance of plasma particles in the path of the
converting laser pulse, which led to considerable growth of
the HHG conversion efficiency. A further increase in the time
delay led to saturation of the HHG and a gradual decrease in
the conversion efficiency at longer delays. One can note that
there are different optimal time delays for the harmonics
generated in Mn and Pb plasmas (20 ns and 90 ns, respec-
tively). These observations can be explained by the different
velocities of the ablated particles from the targets, which
should reach the area of interaction with the probe pulses at
different times. In this connection, the application of a
heavier target (Pb, Z � 82) should lead to a longer delay
before the bulk amount of ablated material starts to interact
with the probe laser beam, compared with a lighter target
(Mn, Z � 25). The ratio between optimal time delays for
these plasma samples approximately coincides with the ratio
between the atomic masses of those particles, given the equal
kinetic energies of ablated particles.

Usually, the plasma lifetime is on the order of a few
nanoseconds [140]. However, one should consider as another

parameter the time when the maximum concentration of
particles emerges above the target surface in the area of
propagation of the driving laser pulse. Since the distance
from the target to the axis of driving pulse propagation is on
the order of 100±150 mm, the time when the main cloud of
particles reaches this area is around a few dozen nanoseconds
and is defined by the velocity of the particles (� 5� 103 m sÿ1

for the target atoms with low Z, and � 2� 103 m sÿ1 for the
targets with high Z). This time is on the order of 20 or 50 ns.
So, the value of the plasma lifetime is invalid once we consider
the process which depends only on the time required to spread
the plasma particles towards the area where the driving pulse
propagates. In particular, plasma harmonic experiments [68]
using nanosecond pulses were optimized at a 600-ns delay due
to the longer distance (� 1 mm) from the target to the
nanosecond probe pulse. The above estimates allowed
concluding that the plasma spreading time, which is more
critical than the plasma lifetime, is a crucial parameter for
achieving efficient HHG.

Another important parameter of plasma HHG is polar-
ization of the probe radiation. A small departure from linear
polarization led to a considerable decrease in the harmonic
intensities, which is a typical behavior for high-order
harmonics. The application of circularly polarized laser
pulses led to a complete disappearance of harmonic emis-
sion, as should occur assuming the origin of HHG.

The harmonic intensity also considerably depends on the
distance between the optical axis of the driving beam and the
target surface. This dependence is caused by the change in
plasma concentration above the target surface. The log±log
dependence of the harmonic intensity �Ih� on the distance �x�
between the optical axis of the driving beam and the target
surface for the 7th harmonic generated in manganese-ablated
plasma corresponded to Ih � xÿ3:5.

Let us recall that the earliest observations of HHG in
gases were also reported using a picosecond Nd:YAG laser
[141, 142] (as well as an excimer laser at 248 nm [143]). The
harmonics from different gases up to the 21st and 33rd orders,
converted from 1064-nm laser radiation, were reported at an
intensity of 3� 1013 W cmÿ2, which led to an enormous
growth of interest in this area of nonlinear optics. These
studies [138] have demonstrated that the application ofmetal-
ablated plasma as a nonlinear medium can further amend this
HHG technique on using picosecond driving pulses, once the
metal atoms, ions, and clusters become involved as efficient
sources of harmonic generation.

Table 2. Harmonic conversion efficiencies ��10ÿ6� from various plasma plumes produced on metal surfaces in the case of converting 38-ps probe laser
pulses.

Harmonic
order

Wavelength,
nm

Sn Zn Mn Ti Cu W Au B Ta Ag Cr Mo Al

5 213 100 80 80 70 46 46 40 40 26 20 20 4.2 6

7 152 66 66 20 20 33 40 33 13 10 16 7.1 3.8 2.59

9 118 66 53 10 12 15 38 26 3 3 10 3.8 2.5 1.33

11 97 53 40 6.6 6.6 13 33 20 1.3 1.8 6.6 3.8 2.1

13 82 26 4 2.1 4.6 2.5 7 1.8 1 0.9 2.6 1.3 0.9

15 71 16 4 1.75 3.3 0.9 5 1.3 0.9 1.3 0.9

17 63 6 1.7 1.3 2.1 0.9 1.3 0.9 1 0.9

19 56 6 1.7 1.3 2.1 0.83 0.9 0.75 1 0.9

21 51 4 1 1.3 2.1 0.75 0.9 0.75 1 0.9
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6. Stable generation of higher harmonics
of femtosecond laser radiation
in laser-produced plasma plumes
at 1-kHz pulse repetition rate

Almost all HHG studies of weakly ionized plasma plumes
produced during laser ablation of various solid targets were
carried out with the aid of 10-Hz pulse repetition rate lasers [4,
5]. To date, only a few studies of HHG from plasmas have
been carried out on static targets using 1-kHz class lasers [57,
58, 66]. The ablation process at 1-kHz pulse repetition rate
causes a considerable change to the surface properties of the
target due to its melting, which deteriorates the plasma plume
conditions during laser ablation. Surface heating and melting
of a static target result in an unstable harmonic signal, so that
movement of the target surface is required to maintain a
reasonable stability. Demand to find the optimal way to
improving plasma harmonic stability at a 1-kHz laser pulse
repetition rate is high due to recent disclosure of the advanced
properties of plasma harmonics over gas harmonics [62, 63,
67]. In particular, the plasma HHG conversion efficiency was
measured one order of magnitude stronger than gas HHG
efficiency [62]. Analogous features were reported in Ref. [67].

The obstacle to all plasma harmonic experiments in earlier
studies was the insufficient stability of plasma parameters
(density, ion and free electron concentrations, excitation
conditions, etc), which led to an instability of harmonic yield
and the fast decay of harmonic efficiency under irradiation of
the same spot on the ablated target. As has already been
mentioned, most of those early studies were performed using
10-Hz class lasers. At this relatively low pulse repetition rate,
the stability of the harmonic generation deteriorated after a
few hundred shots on the same spot of the surface and even
more quickly for powder-like materials (fullerenes, nano-
tubes, metal nanoparticles, various organic and inorganic
powders). One can note that laser ablation of the latter
samples can be considered an important tool for their
structural studies using XUV nonlinear spectroscopy. The
application of soft ablation allows the employment of the
same target for a much longer period than in earlier studies of
overexcited targets during laser ablation. Thus, the search for
a robust, easy-to-apply method allowing one to improve the
harmonic stability in plasma HHG could considerably
advance the search for the fundamental (structural, orienta-
tional, etc.) properties of organic and inorganic atoms and
molecules.

The approaches used earlier and based on a rotating disc
geometry [25, 68, 74, 144] permitting the movement of
targets during ablation are not suitable, since the distance
between the driving femtosecond laser beam and target
surface should be maintained at a minimum (around
100 mm), while the Rayleigh length of the driving beam is
maintained within the range of a few millimeters. Below, we
describe a new method designed around a motorized
rotating rod specifically prepared for HHG from plasma
plumes using high pulse repetition rate lasers, and we
demonstrate that this target significantly improves the
stability of high-order harmonics [72].

Those studies were performed making use of two laser
pulses: one to produce the plasma plume on the rotating rod,
and the other to drive the HHG at its action. The first
(heating) pulse was created by splitting off a portion
(E � 200 mJ) of the uncompressed 8-ps laser pulse from a

1-kHz Ti:sapphire chirped pulse amplification laser. The
remaining pulse was compressed in a prism compressor and
then further compressed with the aid of a hollow fiber and
chirped mirrors, resulting in 250-mJ, 3.5-fs pulses. The driving
(probe) pulse was delayed with respect to the heating pulse by
40 ns to give the plasma time to expand away from the target
surface, thus allowing the probe pulse to pass through the
plasma without being clipped by the target.

A target rotation apparatus consisted of three linear
stages driven by stepper motors along three axes. The target
was attached to an axis of a fourth motor which provided
rotation with a variable speed (from a few rotations per
minute (rpm) up to 300 rpm). Such a mode of the target
rotation was sufficient to achieve stable harmonic emission,
and an additional vertical movement was not required,
though this capability might be useful for future plasma
HHG experiments. As the setup requires the target to be
positioned very close to the driving beam, it was of
paramount importance that the target be carefully aligned
with the axis of rotation. Any movement of the target surface
due to eccentricity in the radial direction from the driving
beam axis would result in an oscillation of the harmonic
signal caused by variations of the plasma density seen by the
driving beam or, in the extreme case, by partial clipping of the
laser beam.

The target (cylindrical rod with a diameter of 10 mm and
length of 30 mm) was positioned as shown in Fig. 14, with the
probe pulse axis propagating 100±200 mm above the target
surface. The picosecond heating pulse was focused onto the
surface of the rotating target. In order to efficiently produce
high-order harmonics, the plasma had to be weakly ionized
[139]. To achieve this, the target was positioned slightly in
front of the focus of the heating pulse using a 50-cm focusing
lens, leading to an on-target laser radiation intensity of
� 1� 1010 W cmÿ2. This also had the benefit of increasing
the size of the plasma plume produced from ablating a larger
target area. The size of the focus on the target surface was
measured to be � 500 mm. The delayed probe pulse was
focused through the plasma with the aid of a 40-cm spherical
mirror. The HHG radiation was analyzed by an XUV
spectrometer consisting of a flat-field grating and an imaging
microchannel plate detector with a phosphor screen imaged
onto a CCD camera.

Figure 15 shows that there is a drastic change in the
harmonic signal (integrated over the spectral range of 40±
80 nm) when the rotation of the aluminum target is stopped.
A sharp harmonic intensity decrease of more than one order
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Figure 14. Schematic of a rotating target and HHG configuration [72].
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of magnitude over only one thousand shots (or just after one
second of ablation using a 1-kHz laser) is observed. The
benefits of the rotating rod are clearly shown in Fig. 16, where
stable harmonic generation was achieved from the plasma
created on an aluminum target for over 1 million laser shots.
Stable harmonics were produced in a broad range of the rates
of rotation (10 rpm and faster). The target rate of rotation and
the size of the ablation focus imply that the same area of the
target was undoubtedly used repeatedly for consecutive
rotations over the 20 minute duration of the experiments.
This could have resulted in thermal damage issues with this
high pulse repetition rate.

It is probable that once the fixed surface starts to melt, the
action of a following laser shot and plasma creation could
expel some of the liquid target layer from the ablation area,
which would not cause the plasma to be ejected in a direction
normal to the surface. These effects are considerably
diminished once the target starts to rotate. During rotation,
the previously ablated area cools down such that, during the
next set of ablation on this spot, plasma formation occurs in
approximately the same conditions. To prove that the ablated
area cools down with rotation, the target was rotated at
different rates (from 10 to 300 rpm), and no difference in the
stability of the harmonic yield was found. These observations
point out the importance of periodic changes to the ablation
zone. This also confirms a suggestion that the cooling of the
ablation area leads to stable plasma creation.

The plasma characteristics (such as density and degree of
ionization) are the most important parameters for achieving
and maintaining stable HHG efficiency during an extended
period of laser illumination. Calculations [67] have shown
that, in carbon-ablated plasma, the concentration of particles
in the area of femtosecond laser±plasma interaction with an
optimal delay between heating and probe pulses (� 40 ns) is
amounted to � 2� 1018 cmÿ3. The solid surface was
considered as the one unheated before laser ablation.
Indeed, after one round of rotation (e.g., after 0.2±2 s), the
plasma disappears, the ablated spot cools down, and the next
laser shot on the same spot can be considered as a shot on a
nearly `fresh' surface. In contrast, the following shots in the
case of a stationary target continue the heating of the same
spot.

The novelty of this approach also includes the imparting
of advanced properties to plasma HHG even at extremely
small energies of the heating pulses. The efficiency of plasma
HHGdepends on the possibility of creating `optimal' plasma.
This can be done using both multi-mJ laser pulses, as was
shown in previous studies [4], and a few hundred mJ pulses, as
was demonstrated in the reviewed work [72] and recently
published studies [67]. The important point here is the
intensity and fluence of the heating pulse on the target
surface. The application of a higher-energy heating pulse
could create the conditions for an `optimal' plasma over a
longer distance, which could (or could not) increase the
harmonic yield, depending on the phase relations between
the probe and harmonic waves. In addition, it can also lead to
the overheating of the target at 1-kHz ablation. Asmentioned
above, the rate of rotation did not influence the stability of the
harmonic generation with 0.2-mJ heating pulses. The use of
more energetic pulses (i.e., on the order of a few mJ) at a high
repetition rate may require additional optimization of the
rotation target technique (for example, by periodic up and
down dragging of the rotating target).

7. High-order harmonic generation in graphite
plasma plumes using ultrashort laser pulses:
a systematic analysis of harmonic radiation
and plasma formation conditions

As noted above, the characteristics of laser plasma play a
crucial role in determining how efficiently higher harmonics
can be generated in the plasma plumes. An increase in the free
electron density is likely to have been the limiting factor for
the harmonic cut-off energy in early experiments with laser
plasmas [22, 24, 25]. A search for appropriate target
materials, which can provide favorable ablation plasmas for
efficient HHG, has motivated the analysis of plasma char-
acteristics under conditions of a high yield of harmonics.
Recent studies have shown that carbon-ablated plasmas are a
promising media to satisfy the above requirements [63, 67].

Shot-to-shot stability of the harmonic signal is also
crucial for any application of the generated radiation and
especially for the measurement of the pulse duration of
converted XUV radiation. Such temporal HHG measure-
ments were taken on chromium plasma [62]. Using the
reconstruction of attosecond beating by interference of
two-photon transitions (RABITT) technique, the authors
showed that the set of 11th±19th harmonics of a Ti:sapphire
laser form, in the time domain, an attosecond pulse train (see
also Section 3). It was underlined that instability of the
harmonic signal in their experiments utilizing a 10-Hz pulse
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Figure 16. Stability of an integrated harmonic signal generated in an
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repetition rate laser was the main obstacle to an accurate
measurement of the temporal structure of plasma-generated
harmonics. Besides its fundamental interest, high-order
harmonic generation in plasma plumes could thus provide
an intense source of femtosecond and attosecond pulses for
various applications.

Optical parametric amplifiers (OPAs) operating in the
mid-infrared (MIR) range are promising tools for harmonic
cut-off extension and attoscience experiments. The spectral
cutoff energy of HHG obeys the scaling law Ec � I l2 [28],
where I is the peak intensity of the probe laser field, and l is its
central wavelength, which allows one to extend the harmonic
emission beyond the 100-eV range by using longer-wave-
length laser sources. Another advantage of mid-infrared
optical parametric amplifiers (MIR OPAs) is their wave-
length tuneability, which allows one to tune the spectral
position of harmonics towards ion radiative transitions with
strong oscillator strengths. This feature allows the observa-
tion of resonance-enhanced harmonics and broadens the
range of plasma samples where this phenomenon could be
realized, compared with � 800-nm lasers with an essentially
fixed wavelength [136]. Moreover, by taking advantage of
two-color HHG techniques, the application of MIR OPAs
allows the investigation of complex molecules during their
ablation and HHG using tuneable long-wavelength radia-
tion. These features are interesting for spectroscopic applica-
tions of HHG in the MIR range [145, 146].

In themeantime, the employment ofMIROPAs forHHG
should lead to a reduced harmonic generation efficiency that
scales as lÿ5 [147, 148]. It is of a considerable interest to
analyze the relative behavior of plasma harmonics for 800-nm
and MIR lasers, and thereby to find the conditions when the
reduction in harmonic yield becomes not so dramatic due to
some enhancementmechanisms, such as the presence of in situ
produced nanoparticles, which increase the HHG conversion
efficiency. It is worth noting that previous studies of plasma
HHG in carbon plumes [63] have inferred, through analyses
of plasma debris morphology, the formation of nanoparticles
during laser ablation of carbon-containing targets.

Atomic carbon is a reactive species which ensures stability
of various multiatomic structures with different molecular
configurations (allotropes). All the allotropic forms of carbon
(graphite, diamond, and amorphous carbon) are solids under
normal conditions, but graphite exhibits the highest thermo-
dynamic stability. Laser ablation of graphite has been
intensively examined during the last ten years to define
plasma conditions for the synthesis of carbon structures
with unique properties. The physical characteristics of the
plasma plume, such as concentrations of atoms and clusters,
directly affect the properties of the material being formed in
the dynamic expansion of the ablatedmaterial. The successful
synthesis of clusters is strongly dependent on the formation of
atomic andmolecular species with the required chemistry and
aggregation ability. Thus, to select the optimal plasma
conditions for HHG, a detailed understanding of the basic
physical processes governing the ablation plume composition
and reliable methods for controling the plume species are
needed. The reasons mentioned above and the consideration
of recent studies of HHG in carbon plasmas [63], as well as
recently reported comparisons of the HHG in graphite-
ablated plasmas and argon gas [64, 67], have prompted the
systematic analysis of the plasma creation conditions for
achieving optimal HHG conversion efficiency in graphite
plasmas [73].

7.1 HHG in carbon plasma under various conditions
High-intensity few-cycle pulses (760-nm central wavelength,
0.2 mJ, 3.5-fs pulse with 1-kHz repetition rate) were typically
obtained from the Ti:sapphire laser after the second stage of
compression consisting of hollow fiber filled with neon and a
bunch of chirped mirrors [149]. The compressed pulses were
characterized by a spatially encoded arrangement for direct
electric field reconstruction by spectral shearing interferome-
try. This radiation was harnessed for frequency up-conver-
sion in the specially prepared carbon plasma. A portion of the
uncompressed radiation of this laser (central wavelength
780 nm, pulse energy 120 mJ, pulse duration 8 ps, and pulse
repetition rate 1 kHz) was split from the beam prior to the
laser compressor stage and was focused into a vacuum
chamber to heat the graphite target and create plasma on its
surface (Fig. 17). These picosecond heating pulses were
focused by a 400-mm focal length lens and created a plasma
plume with a diameter of � 0:5 mm at a laser radiation
intensity I � 2� 1010 W cmÿ2 on the target surface. The
time delay between plasma initiation and femtosecond pulse
propagation origin was fixed at 33 ns. As an alternative
ablation, 10 ns, 1064 nm pulses from a 10-Hz repetition rate
Q-switched Nd:YAG laser were utilized, which provided an
intensity 1� 109 W cmÿ2 on the target surface. The time delay
between the 10-ns heating pulses and the 3.5-fs probe pulses
was varied here in the range of 10±60 ns to maximize the
harmonic yield.

The 3.5-fs probe pulses propagating in a direction
orthogonal to that of the heating pulses were focused into
the laser plasma with the aid of a 400-mm focal length
reflective mirror. The position of the focus with respect to
the plasma area was chosen to maximize the harmonic
signal, and the intensity of femtosecond pulses in the
plasma area under these conditions was estimated to be
I � 6� 1014 W cmÿ2. The 30-fs, 780-nm, 2-mJ probe pulses
from another Ti:sapphire laser operating at a 1-kHz repeti-
tion rate and producing approximately the same radiation
intensity inside the laser plasma were also used for HHG. The
details of this setup and registration system are presented in
Refs [67, 69].

In order to analyze the harmonic yield of the MIR source
in the graphite-ablated plasma, an OPA pumped by a 30-fs
Ti:sapphire laser was employed. A beam splitter inserted in
front of the laser compressor of this Ti:sapphire laser allowed
picking off 10%of the laser beam (780 nm, 1mJ, 160 ps, 1 kHz
pulses) to generate a plasma plume on the graphite targets,
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Figure 17. Experimental setup for harmonic generation studies in plasma

plumes: FP, femtosecond probe pulse; HP, picosecond heating pulse; A,

aperture; HHGC, high-order harmonic generation chamber; FM, focus-

ing mirror; L, focusing lens; T, target; P, plasma; XUVS, extreme

ultraviolet spectrometer; FFG, flat field grating; MCP, microchannel

plate and phosphor screen detector, and CCD, CCD camera [73].
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with the remaining 90% being compressed to 30 fs (7 mJ) for
pumping a commercial OPA. The OPA was optimized for
high conversion efficiency, beam quality, and duration of the
converted pulses. To achieve high reproducibility of the
generated pulses, all the amplification stages were driven to
saturation. This device generated 35-fs pulses tunable in the
1200±1600 nm range. The idler pulse covered the 1600±
2200 nm range. The time delay between the heating ablation
pulses andMIR pulses from the OPA was set to 35 ns, as this
delay was found to be optimal for the efficient generation of
highest harmonics.

Since the goal of these studies consisted in analyzing the
graphite-ablated plasma characteristics under the conditions
of efficient HHG of ultrashort laser pulses, this process was
first optimized by achieving the maximum conversion
efficiency and highest harmonic cut-off using the probe
radiation from both the Ti:sapphire lasers with fixed
wavelengths and the tunable OPAs. Efforts were then
concentrated on the analysis of the `optimal' plasma plume
applying three measuring techniques: optical emission spec-
troscopy of emitting plasma species in the visible, UV, and
XUV spectral ranges; scanning electron microscopy for
inspection of deposited plasma debris, and, finally, time-of-
flight mass spectrometry for analyzing the ionic components
of the plasma.

To analyze the influence of the spectro-temporal char-
acteristics of the probe laser radiation on the harmonic yield,
the backing pressure of neon in the hollow fiber of a second
compressor was changed, which allowed varying pulse
duration from 25 to 3.5 fs [150]. The dependences of the
spectral and intensity characteristics of the harmonic images
recorded by the CCD camera in the 15±25 eV range on
different input pulse spectra and backing pressures of neon
are displayed in Fig. 18. One can clearly see that, with an
increase in backing pressure (from 1.2 to 3 bar), the harmonic
intensity increases, while the harmonic wavelength spectrally
shifts towards the blue side. During these experiments, the
driving pulse energy was held constant.

An interesting feature of the carbon harmonic spectrum
from 10-ns pulse-induced plasma is that the spectral width is
about 2±3 times broader than that of harmonics generated in
other atom- and ion-rich plasmas at the same fluence and
intensity of heating pulse, when using few-cycle pulses. For
example, the full width at half maximum for medium-order
harmonics reached 1.5 nm for graphite plasma versus 0.4 nm
for different metal (Ag, Al, and Cu) plasmas. The broader
width of the harmonics can be explained by self-phase
modulation and chirping of the fundamental radiation
propagating through the carbon plasma. The presence of
nanoparticles in the plasma plume may also contribute to
bandwidth broadening of harmonics.

For practical applications of the coherent short-wave
radiation generated in graphite plasma utilizing a 1-kHz
pulse repetition rate driving laser, it is necessary to analyze
the stability of the plasma characteristics and the generated
harmonics. A recently introduced new technique for main-
taining a stable ablation plasma in harmonic generation with
high pulse repetition rate lasers (> 1 kHz), which is built
around a cylindrical rotating metal target [72], was described
in the previous section. The studies under discussion [73] have
shown that, in spite of the different properties of metal and
graphite targets, the rotating target allowed achieving stable
HHG in both metal and graphite plasmas. The rotating
graphite rod makes it possible to maintain a relatively stable
harmonic yield well above 1� 106 laser shots. Harmonics up
to the 29th order were routinely observed in those studies
using 3.5-fs laser pulses.

Figure 19a displays the harmonic spectrum generated in
the case of 1300-nm probe pulses. Harmonics up to the 59th
order were observed in conditions of carbon plasma forma-
tion by heating with uncompressed 160-ps pulses from this
laser. It is worth noting that the application of less intense
1400-nm pulses available by tuning the OPA, while generat-
ing weaker harmonics, did not result in a higher harmonic
cut-off than in the case of 1300-nm pulses. This inference
suggests that the harmonic generation occurred under
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saturated conditions, with the expectation of even stronger
harmonics once the micro- and macroprocesses governing
frequency conversion are optimized.

Harmonic spectra of up to the 29th order in the case of
780-nm, 30-fs probe pulses are presented in Fig. 19b. By
comparing these data with the spectra collected for a 1300-nm
driving source (Fig. 19a), one can clearly see the expected
extension of harmonic cut-off in the case of the longer-
wavelength radiation being converted. The important pecu-
liarities of these comparative studies are the broadband
harmonic spectra obtained with the 1300-nm laser and a
similar yield of harmonics at the two driving wavelengths.
Whilst the former feature depends on the bandwidth of the
OPA output, the latter observation requires additional
consideration. The plasma harmonic yield from the MIR
source did not follow the expected I / lÿ5 rule. In fact, for the
intensities of the MIR and 780-nm pulses involved
�� �2ÿ4� � 1014 W cmÿ2�, the harmonic generation effi-
ciency of the XUV radiation driven by MIR pulses was
higher than in the case of 780-nm pulses, while supplying the
lower energy of the former pulses (0.2 and 0.54 mJ, respec-
tively). It should be noted that the I / lÿ5 rule predicts a
� 13-fold decrease in conversion efficiency for the MIR
(1300 nm) pulses compared to that with 780-nm pulses at
equal probe pulse intensities.

7.2 Characterization of optimal plasma
formation conditions
This section is concerned with the characterization of
graphite-ablated plasma plumes in conditions of maximum
HHG conversion efficiency. In graphite, the ablation plasma
plume may contain various species of carbon, e.g., neutrals

and ions, small molecules, clusters, aggregates, etc., which can
contribute to harmonic generation to various extents. It is
important to determine their presence in the region where the
driving laser pulse interacts with the expanding plasma. In
particular, the production of clusters in the laser plasma
during laser ablation of various targets has a high prob-
ability, while their presence and concentration in the plasma
area where the frequency conversion occurs is yet to be
confirmed directly. Another issue resolves itself into the
question of how one can define the density of monomers,
dimers, and clusters and their influence on the HHG yield.
Analysis of post-ablation conditions of the deposited debris
can provide information on the nature of those species,
despite the differences between the composition of the
plasma formed at its early stages and the deposited material,
due to the influence of aggregation on the substrate [151]. One
more issue of interest is whether the spectral characterization
of the plasma emission in the visible and UV ranges can
provide some clues about the plasma conditions, without a
simultaneous analysis of the XUV emission.

Plasma characterization through optical spectroscopic
measurements in the visible, UV, and XUV ranges in
conditions of different HHG efficiencies was carried out
with the aid of the above XUV spectrometer (see Fig. 17)
and a fiber spectrometer. The fluences of heating pulses at
which the spectra were recorded corresponded to both
optimal and nonoptimal conditions of HHG. The acquisi-
tion times were set to 1 s for measurements of XUV spectra,
and to 0.5 s for measurements of visible and UV spectra. The
characterization of plasma debris collected on silicon wafers
placed 4 cm away from the ablated target was performed by
scanning electron microscopy.

Cluster composition of the ablation plume produced by
nanosecond laser pulses was investigated by time-of-flight
mass spectrometry (TOFMS). A brief description of the
experimental setup is given here; more details of the
TOFMS can be found elsewhere [152]. The laser beam
(1064 nm, 5 mJ, 10 ns pulse duration) was focused at normal
incidence onto a 2-mm spot at the surface of the graphite
target. The laser intensity on the target surface was
1:5� 109 W cmÿ2, which resulted in the creation of an
optimal plasma for efficient HHG using nanosecond abla-
tion pulses. The target was placed in a vacuum chamber
(pumped down to� 2� 10ÿ6 bar) between the extracting and
accelerating plates of a linear TOFMS. The target surface was
parallel to the flight axis of the spectrometer. The target could
be rotated and displaced at variable distances from the axis.
Positive ions produced in the ablation were deflected along
the TOFMS axis by an electric field typically in the range of
300±400 V cmÿ1 and accelerated by a total voltage of 2500 V.
A high-voltage switch was used to apply the bias voltage at
controlled delays with respect to the laser ablation pulse. Ions
entered the drift region (flight length of � 1 m) and were
detected by a microchannel plate. Analysis of neutral species
produced in the ablation could also be performed by making
use of a second postionization laser source (excimer F2 laser
irradiating at l � 157 nm). The postionization laser pulses
interacted with the ablation plume perpendicularly to the
plume propagation axis, at different distances from the target
surface and at different time delays with respect to the
ablation laser irradiation.

It has been shown previously that efficient harmonic
emission is only observed when the visible and UV plasma
emissions are dominated by neutral and singly ionized carbon
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lines [139]. The present studies [73] have also confirmed this
feature at the optimal laser fluence providing the target
surface heating. The broad features of emission spectra near
470, 515, and 555 nm could be assigned to the bands of excited
C2 molecules. These bands have also been recorded in early
studies of the graphite ablation (see, for instance, Refs [153±
155]). Other lines in the spectra were attributed to carbon
neutrals and singly charged ions.

The analysis of optical spectra in the visible and UV
ranges does not provide information about the presence of
highly ionized species which can be revealed by collecting the
plasma emission in the XUV range. The XUV spectrum of
carbon plasmas, taken following excitation by an 8-ps heating
pulse at high intensity, but without further excitation by the
probe pulse, provides some insight into the plasma compo-
nents prior to interaction with the driving radiation. This
spectrum was recorded under conditions of a considerable
decrease in the nonlinear optical response of the medium (i.e.,
at weakHHG) and revealed the appearance ofmany emission
lines from C II and C III ions. Overexcitation of the target by
10-ns pulses also led to the appearance of emissions from
highly charged (C III, C IV) ions.

It should be noted that those measurements were time-
integrated, so one could not say exactly which plasma
components existed at the moment of the propagation of the
femtosecond beam through the plume.However, the presence
of ionic lines from multicharged species in the last two cases
gives a strong indication of overexcitation of the target and of
its negative influence on HHG efficiency. One can note that,
at this level of excitation of the graphite-ablated plasma,
harmonic generation was partially or entirely suppressed.
Specifically, a two-fold increase in the intensity of 8-ps pulses
(from 2� 1010 to 4� 1010 W cmÿ2) led to a decrease in
harmonic intensity by a factor of 2.5. The same can be said
about the excitation by longer (10 ns) pulses, though the
threshold, at which harmonics started to decay, was con-
siderably lower (2� 109 W cmÿ2). Application of 10-ns pulses
with an intensity of 3� 109 W cmÿ2 led to a substantial
decrease in harmonic generation efficiency and to the
appearance of emission lines from highly charged ions. One
can notice that, under conditions of efficient HHG, no ion
emission lines appear alongside the harmonic spectra.

To prove the presence of clusters in carbon-ablated
plasmas under optimal conditions of harmonic generation,
the morphology of deposited debris from graphite plasma
created during target surface ablation by picosecond and
nanosecond pulses was analyzed. It has already been
mentioned that laser ablation of a solid material is a widely
accepted technique for the generation of nanoparticles.
However, this process has previously been studied without
taking into account the role of free electrons and highly
excited ions, which violate the optimal conditions for phase-
matched HHG. SEM measurements of the deposited debris
were carried out under laser ablation conditions correspond-
ing to the optimal plasma formation for efficient HHG. The
substrates (glass plates and silicon wafers) used to collect the
deposited material were placed at a distance of 40mm in front
of the ablation area, and the debris was further analyzed by
SEM.

Under optimal carbon plasma formation conditions,
when the highest harmonic conversion efficiency was
achieved with 8-ps ablation pulses, the SEM images did not
reveal the presence of nanoparticles in deposited debris with
sizes above the microscope detection limit (5 nm). This was

probably due to the small fluence (0.2 J cmÿ2) of the heating
radiation on the target surface (I � 2:5� 1010 W cmÿ2). It is
possible that in carbon plasmas produced at these conditions,
the harmonics could also originate from nanoparticles with
sizes below the detection limit. Another pattern was observed
upon ablation of the target with 10-ns pulses, where
considerably higher heating fluence (10 J cmÿ2) caused the
appearance of nanoparticles deposited onto a nearby sub-
strate. In relatively moderate conditions of laser ablation with
10-ns pulses (I � �1ÿ2� � 109 W cmÿ2), a high density of
nanoparticles appeared in the SEM images of the deposits,
with their sizes mostly distributed in the range between 10 and
200 nm around the mean size of about 50 nm (Fig. 20a). One
has to reiterate that these debris characteristics were mea-
sured at themaximum conversion efficiency for the 15th±23rd
harmonics. These morphological studies confirmed the
presence of relatively large nanoparticles deposited onto the
substrates under conditions of `optimal' laser ablation with
10-ns pulses. However, some uncertainty still remains about
the correlation of these results with the presence of the same
nanoparticles in carbon plasma during harmonic generation,
due to the possibility of their aggregation into clusters after
deposition. To address this issue, the TOFMS of nanosecond
pulse-ablated graphite was carried out.

Figure 20b displays the mass-resolved spectrum of carbon
plasma after 60 shots of 10-ns heating pulses. Those studies
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revealed that, in plasma conditions close to optimal forHHG,
the laser plume contains a group of small, singly ionized
carbon clusters �C10ÿC30�. Attempts to find higher-mass
clusters failed, though a search for them was carried out
over a longer range of time delays (up to a few ms) between the
onset of laser ablation and the switching on of the triggering
pulse in the TOFMS.

To ascertain the presence of neutral species in the ablated
plasma using TOFMS, an additional source of ionization
should be used. In the present case, an excimer F2

postionization laser (l � 157 nm) served that purpose.
Photons with this wavelength can induce the ionization of
neutral clusters through single-photon absorption. However,
once the 157-nm pulse was focused on the plasma area, no
evidence of neutral clusters in the mass spectra was found.
This could be explained by the fact that the ionization
potential of carbon atom (Ii � 11:2 eV) is higher than the
photon energy of the ionizing laser (E � 7:9 eV) and by the
difficulty of ionizing existing carbon clusters by two-photon
absorption of 157-nm radiation, due to the low intensity of
the latter in the plasma area.

The carbon plasma concentrations under the experimen-
tal conditions of target ablation (i.e., 2� 1010 W cmÿ2

intensity in the case of 8-ps pulses, and 1� 109 W cmÿ2 in
the case of 10-ns pulses) allowing efficient harmonic genera-
tion were calculated using a three-dimensional molecular
dynamics simulation of laser ablation of graphite based on
the molecular dynamics code ITAP IMD [156]. The corre-
sponding concentrations were found to be 2:6� 1017 cmÿ3

and 2:5� 1018 cmÿ3. The results of calculations of carbon
plasma concentration for different intensities of heating 8-ps
and 10-ns laser pulses are summarized in Table 3.

7.3 Analysis of HHG and plasma characteristics
An earlier study suggested that the presence of nanoparticles
in carbon laser ablation plasmas can explain the observed
strong harmonic yield from these media [63]. It was reported
that the debris from ablated graphite and carbon targets
contained nanoparticles with sizes between 100 and 300 nm.
The authors of Ref. [63] suspected, therefore, that nanopar-
ticles formed in the plasma by ablation were the source of
intense harmonics. Heterogeneous disintegration, liquid
phase ejection and fragmentation, homogeneous nucleation
and decomposition, and photomechanical ejection are among
the processes that can lead to the aggregation and disintegra-
tion of nanoparticles [157±159]. A variety of different
techniques were applied in those studies to determine the
aggregation states of the evaporated material, including time-
resolved emission spectroscopy, CCD-camera imaging of the
plasma plumes, Rayleigh scattering, and laser-induced fluor-
escence.

In the earlier discussed work [73], SEM for debris analysis
and TOFMSwere applied for plasma characterization. These
two methods have provided useful clues about the conditions
and dynamics of a plasma plume formed above the target
surface. Whilst the former method provided some informa-
tion about the presence of nanoparticles in the plasma, one
has to cautiously consider those results from the following
point of view. The deposition process on the substrate
happens much later than the time of HHG emission, and the
physical process of deposition may lead to further aggrega-
tion. Since SEM is an ex situ method, one cannot rule out
differences between the real composition of clusters in the
plasma and the results of SEM measurements, although it
clearly proves the presence of clusters in the plasma. TOFMS
yields more information on the in situ presence of ionized
clusters, although it requires ablation of the target under the
same conditions as in HHG experiments and is not suited for
the detection of neutral nanoparticles in the ablated plasma.

TOFMS measurements have not revealed the presence of
neutral clusters in the plasma produced by 10-ns pulses for the
reasons described in the previous section. However, other
investigations (see, for example, Ref. [154]) based on two-
photon ionization with an ArF laser (photon energy 6.4 eV)
have indicated the presence of neutral carbon clusters. Early
TOFMS studies of laser ablation of graphite have revealed
the typical characteristics of the expanding plasma species
(average velocity of 1:5� 105 cm sÿ1) and their concentration
(4� 1018ÿ 6� 1019 cmÿ3 [160]) in ablation with 532-nm,
10-ns pulses at fluences on the order of 3 J cmÿ2. The
measured mass distribution shown in Fig. 20b, revealing the
presence of C10 to C30 species, is in good agreement with those
observed in previous exploration of graphite-ablated plasma
under similar excitation conditions [160]. The restriction of
cluster sizes to small-sized carbon nanoparticles has also been
reported in Ref. [161], where it was argued that stronger
excitation conditions are needed for observing clusters larger
than C32. In that case, one should expect the appearance of
closed cells made of joined five- and six-member rings. It was
confirmed that C60 and C70 fullerenes are the most abundant
species among the heavy ions of the carbon plasma plumes at
high ablation fluences. It was also suggested in paper [160]
that in all likelihood the plasma is sufficiently dense for cluster
growth to occur via ion-molecular reactions. The kinetic
mechanism can be responsible for the formation of carbon
cluster ions, since the attendant supersonic entrainment
model predicts considerable cooling down of the cluster
ions. The cluster growth is based on the addition of many
small carbon neutral species to the ions in a stepwise fashion.

An explanation for strong harmonic generation from
nanoparticles compared with single atoms or ions could be
the higher concentration of neutral atoms inevitably accom-
panying the presence of nanoparticles. The increase in
electron±cluster pair recombination cross section as com-
pared with atoms can also potentially enhance the HHG
efficiency in nanoparticle-containing plasmas. Earlier studies
of HHG from gases [146, 162, 163], as well as from plasmas
containing various nanoparticles (Ag, Au, BaTiO3, etc.) [136,
139], have proven these assumptions by demonstrating the
enhanced HHG from clusters, as opposed to isolated atoms
and ions. Further evidence for the cluster contribution to the
enhancement of harmonic generation comes from investiga-
tions of very intense laser ablation of a silver target [51], which
substantiated the assumptions regarding the participation of
in situ generated nanoparticles.

Table 3. Calculations of carbon plasma concentrations for different
intensities of 8-ps and 10-ns laser pulses heating a graphite target.

Intensity,
109 W cmÿ2

Plasma concentration, 1017 cmÿ3

8 ps 10 ns

6.6

20

60

0.33

1

3

1.1

2.6

4.0

10

25

37
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The observation of a more extended harmonic plateau in
the case of 1300-nm probe radiation also suggests the
involvement of clusters in the HHG process with MIR
pulses. Assuming the expected decrease in harmonic inten-
sity from single-particle emitters with the growth of the
driving radiation wavelength (I / lÿ5; see Refs [147, 148,
164, 165]), one can anticipate at least a one order of
magnitude decrease in harmonic yield from MIR pulses
compared to the harmonic yield obtained with 780-nm laser
radiation under other equal conditions, in particular, pulse
energy and duration. However, the experiment did not show a
considerable difference between the intensities of harmonics
originating from these two driving sources (see Fig. 19). The
energy (0.2 mJ) of the 1300-nm pulses in the plasma area was
even lower than that for the Ti:sapphire pulse (0.54 mJ). This
inference suggests the involvement of a certain mechanism
which compensates for the expected considerable decrease in
harmonic efficiency for the longer-wavelength laser. The
involvement of a cluster component of laser plasma in the
process of frequency up-conversionmay probably explain the
observed inconsistency with the theoretical predictions of the
I / lÿ5 rule derived for atomic species [166, 167].

In principle, the enhancement of the harmonic spectrum
from the carbon plume in the 15±26 eV range may be
explained by the involvement of surface plasmon reso-
nances of nanoparticles, analogously to fullerenes [3] in the
range of their giant resonance in the vicinity of 20 eV. To
prove such a prediction in the case of carbon plasma, one
should provide evidence of giant absorption in the above
range, but this has not been reported yet in the literature.
The plasmonic properties of carbon nanoparticles can be
responsible for the observed enhancement of carbon harmo-
nics; however, their role requires additional study. Another
option for explaining the high harmonic generation yield
from the carbon plume is the indirect involvement of the
clusters in HHG, which, while not participating as harmonic
emitters, could rather enhance the local field, analogously to
recently reported studies utilizing gold nanostructures for
enhancing gas HHG [166, 167].

As was mentioned, recent comparative studies of lower-
order harmonic efficiency in argon gas and carbon plasmas
have revealed stronger conversion efficiency in carbon
plasmas [64, 67]. In this section, we have discussed evidence
for the superior properties of graphite ablation for HHG.
Some arguments which could explain the enhanced high-
order harmonic yield from this medium are as follows: (a) the
graphite target allows easier generation of a relatively dense
carbon plasma and the production of adequate phase-
matching conditions for lower-order harmonic generation;
(b) the first ionization potential of atomic carbon is high
enough to prevent the appearance of a high concentration of
free electrons, a condition that is not necessarily met in metal
plasma plumes; (c) neutral carbon atoms dominate in the
carbon plume at optimal conditions of HHG before interac-
tion with the femtosecond laser pulse, and (d) carbon species
allow the formation of multiparticle clusters during laser
ablation, which can enhance the HHG yield.

8. Isolated subfemtosecond XUV pulse
generation in Mn-ablated plasmas

In this section, we discuss HHG from transition metal
plasmas. These are very promising targets in view of the
giant resonances found in their photoionization cross sec-

tions. For example, the Mn� cross section equals� 40Mb at
50-eV photon energy [168], whereas rare gas atoms have cross
sections between 1 and 8 Mb at this photon energy [169].
PhotorecombinationÐ the third step in the recollision
modelÐmakes up the inverse process of photoionization
[170] and, therefore, HHG and photoionization must exhibit
the same resonances. This has been confirmed not only by
previous resonance-induced experiments with laser-produced
transition metal plasmas but also in a recent study of HHG
from xenon gas [171].

Resonance-induced enhancement of a single harmonic of
the laser radiation allowed considerable improvement of
harmonic generation efficiency in some specific XUV
spectral ranges related to high oscillator strengths of a few
ion radiative transitions in metals. This was confirmed in
multiple studies following the initial observation of this
phenomenon in indium plasma [30]. In particular, strong
enhancement of a single harmonic was reported in Cr [33] and
Mn [40] plasmas. TheMn plasma is of special interest, since it
exhibited the highest harmonic cut-off energy observed in
plasma plumes (101st harmonic of the Ti:sapphire laser [40]).
In previous studies, multicycle (30 fs [40] and 140 fs [172])
laser pulses were employed and the generation of all
harmonics in the plateau region was observed, together with
strongly enhanced harmonics in the vicinity of 50 eV.

Recent progress in the generation of few-cycle pulses has
allowed the observation of various new effects, including the
realization of isolated attosecond pulse generation in gas
media [173±175]. In this connection, it is interesting to
analyze resonance-induced processes observed in an abla-
tion plume using the shortest available probe laser pulses.
Below, we present an analysis of the experiments on
resonance enhancement in manganese-ablated plasmas with
3.5-fs probe pulses [129]. The most interesting feature
observed in those experiments was a suppression of almost
all neighboring harmonics in the vicinity of a resonantly
enhanced single harmonic at the photon energy of � 50 eV
(see also Section 4).

The experimental arrangements were analogous to those
presented in Section 7 of this review (see Fig. 17). The
harmonic spectrum in the case of propagating 3.5-fs pulses
through the manganese plasma was strikingly different from
other plasma samples (for example, Ag plasma) analyzed in
separate experiments.While all other samples studied demon-
strated a relatively featureless harmonic spectra with an
extended cut-off (Fig. 21a shows the spectrum of the
harmonics generating in silver plasma), the Mn plasma
allowed the generation of a strong single harmonic substan-
tially enhanced compared to neighboring ones (Fig. 21b).

As was already mentioned, the harmonic spectra from
manganese plasmas for 30-fs and 140-fs laser pulses also
showed enhanced harmonics around 50 eV. The assumption
of the resonance nature of the enhancement of harmonics of
the � 800-nm Ti:sapphire lasers in this spectral region is
supported by the presence of a giant resonance in the vicinity
of 50 eV, confirmed by experimental [168, 176] and theoretical
[177] results. The enhancement of a single harmonic can be
attributed to the broadband resonances in the ions of a few
metals, such as V, In, Cd, Cr, and Mn. These `giant'
resonances have been experimentally confirmed in the
literature [168, 176, 178] and discussed recently in a few
theoretical studies [49, 111, 113, 114] (see also Section 4).

However, in previous studies [40, 172] involving multi-
cycle probe pulses, the intensity of enhanced harmonics was
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only a few times higher than those of neighboring-order
harmonics. The same features were reproduced in the
reviewed studies using 40-fs pulses from another Ti:sapphire
laser at a similar radiation intensity (4� 1014 W cmÿ2) inside
the laser plasma. The raw image of the harmonic spectrum
presented in Fig. 22a shows several enhanced harmonics from
the 31st order up to an extended second plateau. The
extension of the harmonic cut-off exceeding the 71st order is
attributed to the involvement of doubly chargedMn2� ions as
the sources of HHG. This feature of Mn plasma harmonics
has already been reported earlier [40]. Also presented here is a
typical pattern of an Mn harmonic spectrum for 3.5-fs probe
pulses (Fig. 22b). No second plateau, which was seen in the
case of multicycle (40 fs) pulses, is observed for a few-cycle
pulse. Most striking was the observation of a single, very
strong broadband (2.5 eV) 31st harmonic. Only two weak
neighboring harmonics (around the strong emission line) are
seen in the 30±65-eV spectral range. The ratio of the
intensities of the enhanced harmonic to the weak neighbor-
ing harmonics exceeded one order of magnitude. One can
note that, at a low intensity (< 2� 1014 W cmÿ2) of the
femtosecond pulse, this strong harmonic disappeared when
using both multi- and few-cycle pulses.

The distinctive structure of the harmonic spectra, taken
both for 40-fs and 3.5-fs probe pulses, clearly points to the
involvement of Mn ion resonances centered around 50±
51 eV. The same can be said about the photoionization or
photoabsorption characteristics of Mn� plasma, which are
due to the `giant' 3p! 3d resonance [168]. The laser pulse
polarization dependence of this emission was analyzed, and
it was found that the 50-eV radiation abruptly disappears
with a change in the polarization state of the femtosecond
probe pulses from linear to elliptical, which is a clear

signature of the emission being due to high-order harmonic
generation.

To analyze the effect of the spectro-temporal character-
istics of the femtosecond radiation on the harmonic yield, the
pressure of neon in the hollow fiber of a second compressor
was varied, thus changing the duration of the harmonic-
driving pulse [140]. The spectral and intensity variations of
manganese harmonic spectra in the range of 22±62 eV as
functions of neon pressure in the hollow fiber are depicted in
Fig. 22c. One can clearly see that, with a change in pressure
(from 1 to 2.3 bar), the single 31st harmonic intensity varies
from almost zero to its maximum high value. A blue side shift
of the generated harmonics is also evident. A further increase
in the neon pressure up to 3 bar, at which the experiments with
the 3.5-fs pulses were carried out, did not change the
harmonic distribution.

The experiments described above were conducted without
carrier envelope phase stabilization (namely, for random
CEP values). The HHG experiments with Mn plasma using
3.5-fs pulses were also performed with stabilized CEP (e.g., at
phases values of j � 0 and p=2), and no considerable
differences were found in that case (Fig. 23), though some
variation of harmonic distribution was observed for the
lower-order harmonics (cf. the middle and bottom curves in
Fig. 23b, c). The spectral shapes of the 31st harmonic
emission were quite similar at these two fixed values of CEP,
while a considerable difference in harmonic spectra was
maintained when compared to a longer pulse duration and
lower intensity of the driving pulses. Figure 23 illustrates
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results of HHG measurements for 25-fs pulses (a) and 3.5-fs
pulses (b, c) with the same energy (0.2 mJ). One can clearly see
the absence of harmonic plateau extension and resonance-
induced HHG in the case of low-intensity 25-fs pulses.

The fact that a strong CEP dependence of the plasma
harmonic spectra in the case of 3.5-fs pulses was not observed
could also be attributed to the presence of a significant
number of free electrons in the manganese-ablated plasma,
which might diminish the difference between the HHG
spectra recorded for different values of CEP. The same can
be said about other HHG experiments utilizing silver and
brass plasmas, which did not show significant differences in
harmonic spectra when comparing few-cycle pulses with fixed
and random CEP. In the meantime, comparative studies with
gas media under similar experimental conditions were carried
out and a characteristic dependence of the HHG spectra on
the CEP, commonly observed in such conditions, was
revealed. Thus, the absence of the influence of the CEP on
the harmonic pattern generated by few-cycle pulses from
ablation plumes appears to be a common feature of plasma
HHG.

9. Conclusions

Plasma HHG opens the door to many, sometimes unex-
pected, areas of light±matter interaction. Besides being an
alternative method for generating coherent XUV radiation, it
can be used as a powerful tool for various spectroscopic and
analytical applications. A few of them have already emerged
in plasma HHG studies in recent years. The application of

doubly charged ions for high-order harmonic generation has
shown a promising extension of the cut-off photon energy in
plasma harmonics, without having to rely on few-cycle
driving pulses. As has been shown in examining low-order
harmonics, the conversion efficiency can be strongly
enhanced by making use of resonances in radiative transi-
tions of atomic or ionic systems. This has been demonstrated
in pioneering plasma harmonic experiments on indium and
other metals. For laser-generated plasmas, a large variety of
materials can be employed, thereby increasing the chance of
selecting such resonances with fixed-frequency Ti:sapphire
lasers. Furthermore, it has been shown that two-color
pumping profitably enhances the high-harmonic intensity
and significantly influences the output and properties of the
harmonic spectrum in rare gases. For plasma harmonics,
where this technique has recently been adopted, this will be a
new approach for the nonlinear spectroscopy of ion transi-
tions possessing high oscillator strengths.

Future developments in the application of this technique
may include such areas as the seeding of plasma resonance
harmonics in XUV FELs, plasma-induced harmonic genera-
tion using few-cycle pulses with the corresponding generation
of attosecond pulse trains, the application of endohedral
fullerenes for plasma HHG, the joint generation of gas- and
plasma-induced harmonics, the analysis of molecular struc-
tures through the study of harmonic spectra from oriented
molecules in plasmas, the search for quasiphase matching
schemes in plasma plumes, the tapping of a single harmonic
for surface science, structural analysis of multidimensional
formations in laser plasma, the generation of strong combs
and single attosecond pulses, the quest for quasisolid-state
HHG, the application of double-target schemes for plasma
formation, the application of IR (2±5 mm) laser sources for
extension of plasma harmonic cut-offs, and the analysis of
plasma components through HHG.

In concluding this review, we would like to reiterate that
plasma HHG could be very attractive in many unexpected
areas of light±matter interaction. Besides being an alternative
method for generating coherent XUV radiation, it can be
used as a powerful tool for various spectroscopic and
analytical applications.
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plasma in the absence of gas in a hollow fiber compressor (t � 25 fs) and

randomCEP (a), and at 3-bar pressure (t � 3:5 fs) at fixed CEP [j � 0 (b);

j � p=2 (c)]. j denotes the carrier envelope phase [129].
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