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ABSTRACT 

Recent studies of plasma harmonic generation are reviewed. We show the advances of this technique for generation of 
coherent ultrashort pulses in the extreme ultraviolet range. Among the achievements highlighted in this review are the 
comparative experimental and theoretical studies of high-order harmonic generation in silver plasma, isolated sub- 
femtosecond pulse generation in Mn plasma ablation, stable generation of high-order harmonics of femtosecond laser 
radiation from laser produced plasma plumes at 1 kHz pulse repetition rate, and high-order harmonic generation in 
fullerenes using few- and multi-cycle pulses of different wavelengths. We show that new developments of plasma har- 
monic studies can lead to the creation of an attractive field of laser ablation induced high-order harmonic generation 
spectroscopy. 
 
Keywords: High-Order Harmonic Generation; Laser Plasma; Ultrashort Laser Pulses 

1. Introduction 

Coherent short wavelength radiation is of increasing im-
portance for a broad variety of basic and applied research 
in various fields of physical, chemical, and life sciences. 
Among them, femtosecond time-resolved coherent dif-
fractive imaging and photo-induced processes at surfaces 
and nanoparticles, as well as lithography, plasma diag-
nostics, and materials processing and diagnostics are of 
foremost interest. The high-order harmonic generation 
(HHG) from femtosecond laser pulses allows producing 
coherent radiation in the extreme ultraviolet (XUV) 
spectral range. Table-top lasers render these processes 
possible with the prospect of wide-spread scientific ap-
plications. Presently, predominantly few gases are em-
ployed as target media for HHG. Other efforts rely on the 
creation of harmonics at solid surfaces, either by a co-
herent wake field excitation or, for petawatt class lasers, 
on a relativistically moving electron gas acting as a 
plasma mirror. So far, however, only low conversion 
efficiencies have been obtained, despite the enormous 
efforts. Other methods include XUV free-electron lasers 
and X-ray lasers.  

To promote the use of XUV radiation it seems there- 
fore 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 may cover the spectral 
range between 10 and 100 eV photon energy of harmon- 
ics, and with few-cycles laser systems even up to several 
100 eV. For practical applications of high-order har- 
monic sources higher conversion efficiency and thus an 
increase in the photon flux and also of the maximum 
photon energy of the harmonic radiation would be bene- 
ficial. HHG itself can be used as a spectroscopic tool for 
analysis of the optical, nonlinear optical and structural 
properties of the emitters of harmonic generation pres- 
ently comprising on a few noble gases. The generation of 
high-order harmonics in laser-produced plasmas from 
various solid-state targets, being for this purpose a rela- 
tively new and largely unexplored medium, promises to 
yield these advances.  

Most interestingly, recent studies have shown that en- 
hanced high-order harmonics can be generated also from 
the ablated nanoparticles, which opens the prospects for 
applications of local field enhancement, broad plasmonic 
resonances and a more efficient recombination processes 
for plasma HHG. As a highly interesting perspective an 
increase of the harmonic output by quasi phase matching 
in specially prepared plasmas may be considered. For the 
plasma a different and more flexible technique than used 
in neutral gases can be applied. The plasma may be spa- 
tially modified using a long pulse co-propagating with 
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the fundamental driving pulse, and conditions might be 
found where quasi phase matching is possible over a long 
distance in the plasma, while the constructive and de-
structive interference of harmonic waves in such plasmas 
containing different emitters can provide a new knowl- 
edge about the phase-related characteristics of this proc- 
ess. Thus the above approach can be useful for producing 
an efficient source of short-wavelength ultra-short pulses 
for various applications and studies of the properties of 
harmonic emitters. The laser ablation induced high-order 
harmonic generation spectroscopy is a new method for 
the studies of material science and can be considered as 
one of the most important applications of HHG.  

In this review, we discuss the realization of new ideas 
emerged during last few years, which further improved 
the HHG efficiency through harmonic generation in spe-
cially prepared plasmas and allowed the spectral and 
structural studies of matter through the plasma harmonic 
spectroscopy. We also present the current status of 
plasma HHG studies, and show new trends and perspec-
tives in the developments of this filed.  

The structure of the review is as follows. In Section 2, 
the comparative experimental and theoretical studies of 
high-order harmonic generation in silver plasma are dis-
cussed. Isolated sub-femtosecond pulse generation in the 
XUV range using Mn plasma ablation is analyzed in 
Section 3. Section 4 is devoted to the methods of stable 
generation of the high-order harmonics of femtosecond 
laser radiation from laser produced plasma plumes at 1 
kHz pulse repetition rate. HHG in fullerenes using few- 
and multi-cycle pulses of different wavelengths is dis-
cussed in Section 5. Short summary remarks presented in 
Section 6 give some clues on future developments and 
perspectives of this interesting field of optics. 

2. Studies of HHG Cut-Off in Silver 
Irradiated by Femtosecond Pulses 

In this Section, we present the results of theoretical and 
experimental study of HHG in the ensemble of silver 
particles irradiated by intense femtosecond pulses of 
Ti:sapphire laser. It is shown that the photoemission 
spectra exhibit unusual behavior when the laser field 
strength approaches near-atomic values. In subatomic 
field strength the cut-off frequency increases linearly 
with laser pulse intensity. However, when the field 
strength approaches near-atomic region firstly cut-off 
frequency slows down and then saturates. To give new 
interpretation of such kind of photoemission spectrum 
behavior the light-atom interaction theory based on the 
use of eigenfunctions of boundary value problem for “the 
atom in an external field” instead of the traditional basis 
of the “free atom” eigenfunctions has been proposed.  

In spite of the twenty-year history, the effect of the 

HHG is still under a great interest of both experimental- 
ists and theoreticians. The origin of this interest is mani- 
fold. From a practical point of view, the HHG is one of 
the effective mechanisms for producing a coherent emis- 
sion in a broad range of electromagnetic wave spectrum. 
The presence of plateau region in the harmonic ampli- 
tude distribution in XUV region affords grounds for de- 
velopment of sub-femtosecond pulse formation methods. 
As a result, the new frontiers are opened up in science by 
extending the nonlinear optics and time-resolved spec-
troscopy to the XUV range [1] and pushing ultrafast sci-
ence to the attosecond domain, enabling the XUV spec-
troscopy and imaging of molecular orbitals [2], surface 
dynamics [3], and electron motion. The HHG is the reli-
able route to produce attosecond light pulses [4,5] and is 
therefore fundamental to attosecond science [6]. 

At present days, the efficiency of conversion to high- 
order harmonics is really too small to consider this emis- 
sion as a real coherent XUV source for biology, plasma 
diagnostics, medicine, microscopy, photolithography, etc. 
Hence, the search for ways of increasing the cut-off fre- 
quency and the HHG efficiency in the XUV spectral 
range is still among the most topical problems of nonlin- 
ear optics. 

The plasma HHG was observed with the large number 
of periodic table elements having usually small and mid- 
dle atomic numbers [7-12]. As a rule, the interaction me- 
dium is a laser plasma that is prepared by irradiation of 
metal surface by picosecond pulses. The maximum har-
monic order, or the cut-off frequency (CF), obtained in 
plasma media to date varies from the sixties to seventies 
harmonics of fundamental frequency [12] of Ti:sapphire 
laser. The highest-order harmonics (the 101st harmonic, λ 
= 7.9 nm) have been obtained in manganese plasmas [9]. 
The efficiency of conversion in the plateau region 
amounts to ~10−5 [10]. This value depends on both ato- 
mic energy level diagram and laser pulse parameters (in- 
tensity, energy and duration, carrier-envelope phase). 
The CF movement into the sub-nanometer region prom- 
ises new possibilities in creating XUV coherent sources. 
Hence, the study of the CF dependence on the irradiated 
media properties and external laser pulse parameters is 
the problem of significant scientific and technical interest. 
Recently, the CF values corresponding to sixties and 
above harmonics have been obtained in experiments with 
silver plasma [10,11] and this stimulated to choose this 
medium for numerical simulations and compare the ob- 
tained results with the experimental data. 

The traditional interpretation of the harmonic genera-
tion is usually based on the model of three-stage process 
that comprises the ionization of an atom, the electron 
acceleration in the electromagnetic field, and its subse- 
quent collision with ion. This process is periodically re- 
peated every half cycle of the electromagnetic wave. The 
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evolution of the ionized electron is usually described 
with the help of Volkov wave functions or classical me- 
chanics equations. It should be noted, that the use of the 
Volkov wave functions is due to the temporal evolution 
of the continuous spectrum electron wave functions in 
the presence of the laser field. At the same time, the spa- 
tial profile of the discrete spectrum wave functions is 
also changed in the presence of the external electromag- 
netic field. However, in the limit of zero strength fields 
the Volkov wave functions are transformed to the free 
electron wave functions, while the discrete spectrum 
wave functions became the atomic eigenfunctions. Hence 
in the weak or zero fields the eigenfunctions of discrete 
and continuous spectra are not mutually orthogonal and 
they do not compose the complete basis of the orthogonal 
functions. This is the most principle inconsistence of the 
above methods. 

In those studies, the analysis was focused on the single 
silver atom photoemission spectra [13]. The most un- 
usual feature of the single atom photoemission spectra is 
the CF saturation effect. The CF saturation means that 
the maximum observed harmonic order ceases to be in- 
tensity dependent at sat . For the first time, the ef- 
fect of the CF saturation in silver plasma was experi- 
mentally observed in [10]. The maximal order of ex- 
perimentally observed harmonic is equal to 71. On the 
other hand, the results of computer simulations per- 
formed for the single silver atom [14] have shown that 
the CF is saturated in the region of over atomic field 
strength, but at near atomic field strength the maximal 
order of generated harmonics is much higher than that 
observed experimentally. The main purpose of the pre- 
sented study is to explain the difference between the ex- 
perimental and theoretical results and to provide the in- 
terpretation of the main mechanisms lying in the origin 
of the CF saturation effect. 

I I

To study the high-order nonlinearities through the 
HHG, the silver target was placed inside the vacuum 
chamber to ignite the plume by laser ablation of this 
sample. Silver has previously proven to be most efficient 
medium for production of the plasma plumes where the 
highest HHG efficiency (8 × 10−6) in the XUV range was 
observed [15].  

The pump source was a commercial, chirped pulse 
amplification laser system, whose output was further 
amplified using a homemade three-pass amplifier oper-
ated at a 10 Hz pulse repetition rate. A heating pulse was 
split from the amplified laser beam by a beam splitter 
before a pulse compressor (Figure 1). The heating pulse 
duration was 210 ps. A spherical lens focused the heating 
pulse on the target placed in the vacuum chamber. The 
area of ablation was equal to 0.5 mm2. The heating pico- 
second pulse intensity at the target surface was varied in 
the range of Ipp = (0.5 – 5) × 1010 W·cm−2 by changing 

the energy of heating pulse. A driving femtosecond pulse 
at a centre wavelength of 792 nm had the energy of 12 
mJ and pulse duration of 150 fs after propagation of the 
compressor stage. After the proper delay with regard to 
the heating pulse irradiation (20 - 80 ns), the driving 
pulse was focused by a spherical lens (f/10) on the abla- 
tion plume from the orthogonal direction. The maximum 
intensity of the driving pulse at the focal spot could reach 
6 × 1016 W·cm−2. The position of laser focus was ad- 
justed to be either before or after the laser plume to ex- 
clude the influence of considerable ionization of the sil- 
ver neutrals and ions in laser plume and to maximize the 
harmonic yield. The intensity of the driving femtosecond 
pulse (Ifp) at the plasma area was adjusted between 
1×1014 and 1×1015 W·cm−2. The distance between the 
HHG interaction area and target surface was varied in the 
range of 100 - 200 m. The spectrum of generated high- 
order harmonics was analyzed by a grazing incidence 
XUV spectrometer with a gold-coated flat-field grating. 
The XUV spectrum was detected using a microchannel 
plate (MCP), and the optical output from the phosphor 
screen was recorded using a charge-coupled device 
(CCD) camera.  

Figure 2(a) shows the image of harmonic spectrum 
from Ag plasma at the conditions when the femtosecond 
pulse was focused after the plasma plume. The harmon- 
ics up to the 55th order were routinely observed at these 
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Figure 1. Experimental setup for HHG in silver plasma. BS, 
beam splitter; M, mirrors; DL, delay line; C, compressor, 
FL, focusing lenses; VC, vacuum chamber; XUVS, extreme 
ultraviolet spectrometer; CCD, charge coupled device. Inset: 
Typical image of harmonic distribution from 17th to 51st 
orders [13]. 
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Figure 2. (a) Harmonic spectra from silver plasma in the 
case of focusing behind the plasma area; (b) Spectral image 
of harmonics from silver plasma in the case of aperturing 
the input femtosecond radiation. Numbers show the har-
monic orders [13]. 
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conditions, when the intensity of femtosecond pulse at 
the plasma area was Ifs = 2.5  1014 W·cm−2. Note that 
divergences of harmonics at the beginning of plateau-like 
distribution of harmonics and at the cut-off region were 
approximately equal to each other. The increase of laser 
intensity at the plasma area led to increase of harmonic 
cut-off (Hc) up to the 61st order. The divergence of har- 
monics gradually increased with the growth of harmonic 
order and the divergences of the lowest (17th - 25th) were 
approximately two to three times less compared with the 
highest (45th - 57th) harmonics. 

At these experimental conditions (focusing inside the 
plasma plume, intensity of the driving pulse at the 
plasma area Ifs = 4  1014 W·cm−2, delay between the 
pulses of 30 ns) the divergence of driving radiation was 
changed by introducing the aperture in front of the input 
window of vacuum chamber through which femtosecond 
radiation propagated toward the plasma plume. A de-
crease of beam sizes led to considerable deformation of 
observed spectra, when one can find the conditions of 
variations of the divergence of harmonics in different 
ranges of harmonic spectra, as well as considerable 
re-distribution of harmonic efficiency along the plateau 
region. When the aperture was decreased down to 4 mm 
(and correspondingly decreased the energy of propagated 
radiation from 12 mJ to 4 mJ) a remarkable pattern of 
harmonic spectra appeared showing the five to ten times 
enhancement of harmonic intensity along the axis of la- 
ser propagation for higher harmonics compared with 
lower ones (Figure 2(b)). The on-axis intensities of 11th - 
19th harmonics were considerably less than those in the 
range of 25th - 47th orders. 

The Hc(Ifp) dependence became saturated at Ifp  4 × 
1014 W·cm−2 (see Figure 3 showing the dependence be- 
tween the maximum observed harmonic order and the 
femtosecond pulse intensity). This intensity is well above 
the one at which the neutral Ag atoms are ionized. So it 
may be an additional indication of the crucial role of sin-
gly charged ions in generation of high-order harmonics. 
 

 

Figure 3. Harmonic cut-off from silver plasma as a function 
of laser intensity. The saturation of Hc(Ifp) dependence was 
started at ~4 × 1014 W·cm−2 [13]. 

The novelties of these experiments are 1) the observa-
tion of the efficient harmonic generation for the high 
orders, while keeping the low-order ones at smaller con- 
version efficiency; and 2) the observations of saturation 
of the HHG yield above some level of laser intensity (4 × 
1014 W·cm−2). The aperturing of laser beam led to better 
phase matching conditions for higher orders compared 
with lowest harmonics (Figure 2(b)). The intensity of 
those high-order harmonics became strong enough to 
allow the observations of second-order diffraction pat- 
terns from the grating (see the lobes from the left and 
right sides of lowest harmonics on Figure 2(a)).  

The violation of the phase-matching conditions at high 
intensities of driving radiation is caused by appearance of 
the additional free electrons possessing positive disper- 
sion, which does not match with the relatively low dis- 
persion of atoms and ions. The difference with the case 
of analogous observations in the gaseous media is related 
with presence of the free electrons at the initial state of 
plasma media. The ablation at appropriate conditions can 
create the formation of “optimal” plasma, which, whilst 
containing free electrons, does not prevent the violation 
of phase matching. Only additional free electrons ap- 
pearing during further ionization of singly charged ions 
of silver (second ionization potential of silver is 21 eV, 
which corresponds to the breakdown saturation intensity 
of laser radiation of ~3 × 1014 W·cm−2).  

Silver is one of most attractive targets for plasma for-
mation and HHG. Conversion efficiency reported for this 
plasma medium for the harmonics in the range of photon 
energies of 50 - 80 eV (8 × 10−6, [10]) is the highest 
among other plasma plumes. Moreover, the value of 
conversion efficiency is the same, as those reported in 
the case of gas HHG studies. Assuming the stability 
amendments in the harmonic generation from this plasma 
(of the order of 1 million shots at 1 kHz pulse repetition 
rate [16]) one can anticipate a robust application of this 
target for various applications of plasma HHG spectros- 
copy.  

The process of a light-atom interaction becomes fun- 
damentally the non-resonant process, when the laser 
pulse temporal width approaches to a few cycles of opti- 
cal oscillations. Indeed, in this case the energy of such 
pulse is comparable or exceeds the energy level differ- 
ence between the free atom states. Hence, the well de- 
veloped theories of the resonant one- or multi-photon 
interactions cease to be valid in this case. Moreover, the 
binding energy of atomic electrons tends to zero when 
the laser field strength exceeds the intra-atomic field 
strength, because the electron moves mainly in the spatial 
regions, which are far from its parent nuclei. It is evident 
that the basis of a free atom eigenstates could not serve 
as a useful basis for the wave function expansion when 
the laser field strength approaches to the intra-atomic 
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values. At the same time, as it has been shown in [17], 
there are direct mathematical relationships between the 
eigensolutions of the “free atom” boundary value prob-
lem and boundary value problem for “the atom in an ex-
ternal field”.  

The numerical calculations yield a series of harmonic 
emission spectra from silver particles. At small intensi-
ties, in subatomic region the spectrum consists of the 
sequence of the odd harmonics of incident field carrier 
frequency (Figure 4(a)). The amplitudes of harmonics  
 

 
(a) 

 
(b) 

 
(c) 

Figure 4. The photoemission spectra generated in silver at 
the laser pulse intensities of (a) 5.94 × 1010; (b) 1.83×1012, 
and (c) 1.88 × 1013 W·cm−2 [13]. 

sharply drop with the harmonic number. The origin of 
this emission is the light-induced (and, hence, time de-
pendent) anisotropy of a spatial profile of an electron 
wave function: the electromagnetic wave induces the 
radial electron motion in the intra-atomic potential field 
and, hence, produces some external work. This motion 
will inevitably result in the appearance of harmonics. At 
a given laser field strength this process could be due to 
elastic light-atom interaction, because after the termina-
tion of the laser pulse action the atomic electron can be 
again found in the ground state. 

When the laser field strength approaches 3 × 1011 
W·cm−2, the shape of the response spectrum is changed. 
At higher intensity, there appear tendencies for growing 
of its width and formation of plateau (Figure 4(b)). Fur-
ther increase in the amplitude of the external field 
strength allows to observe well-defined plateau with de- 
finite CF (see Figure 4(c) for I = 1.88 × 1013 W·cm−2).  

The results of computer calculations of the CF as a 
function of the laser pulse intensity is presented in Fig- 
ure 5(a). The solid line in this figure shows the approxi- 
mated analytical dependence obtained for a silver atom  
 

 
(a) 

 
(b) 

Figure 5. (a) Cut-off frequency as a function of the laser 
pulse intensity. Squares are the result of numerical calcula-
tions, solid line with circles is the dependence given by the 
approximation discussed in [13]; (b) Cut-off frequency of 
an ensemble of atoms as a function of a laser pulse intensity 
[13]. 
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in the frames of the approximation discussed in [13]. In 
the region of the laser pulse intensity of 1011 < I < 1012 
W·cm−2 the results of computer calculations are in good 
agreement with the proposed approximation. Under fur-
ther increase of the laser pulse intensity the calculated 
curve raises faster than it is predicted by the proposed 
approximation. In this region of pulse intensity the 
population of other discrete excited states becomes com-
parable and even exceeds the population of 5 p  state of 
Ag due to the recombination process. Hence, the new 
channels of photoemission are revealed.  

At laser pulse intensity I > 1014 W·cm−2 the CF is 
saturated, i.e., it ceases to be intensity dependent. The 
reason of such behavior is quite obvious and it is associ-
ated with the fact that the probability of an electron ioni-
zation approaches to unity in this region of a pulse inten-
sity. It means that the atomic electron is almost entirely 
localized in the continuum spectrum states and it does 
not collide with its parent ion. At the same time, as far as 
the time profile of a laser pulse has relatively soft slope 
in the front of pulse, hence, the harmonics are effectively 
generated here. So, the results of computer modeling 
show that the most probable reason of the CF saturation 
is the total ionization of the irradiated atom. 

One can see from Figure 5(a) that the calculated laser 
pulse intensity Icalc  1014 W·cm−2 at which the CF is 
saturated is close to the experimentally measured value 
(Iexp = 4 × 1014 W·cm−2). However, the calculated maxi-
mal order of harmonics exceeds the experimentally 
measured value for more than four times. In computer 
simulations we deal with a single silver atom. Hence it is 
natural to assume that the reason of this difference can be 
due to the frequency dependent dispersion appropriate to 
the spatially distributed ensembles of atoms. 

The dispersion properties of a spatially distributed en-
semble of atoms could result in drastic transformation of 
an atomic ensemble emission spectra in comparison with 
the single atom one. Figure 5(b) shows the integral de-
pendence of the CF as a function of laser pulse intensity, 
which is calculated for spatially distributed ensemble of 
atoms. It was taken into account in these calculations that 
the ionization probability depends on the peak pulse in-
tensity. It can be seen that the curve in Figure 5(b) fits 
much closer to the experimentally measured dependence. 

Summarizing this section, the saturation of the CF of 
the photoemission spectra generated in a silver by a 
femtosecond laser pulses has been demonstrated both 
experimentally and theoretically. In experiments with 
155 fs pulse of Ti:sapphire laser the highest experimen-
tally measured harmonic was 61 and the saturation inten-
sity of Iexp = 4 × 1014 W·cm−2. The theoretical analysis is 
based on the non-perturbative theory of nonlinear re-
sponse, which enables to vary the laser field strength in a 
wide region from a subatomic to a over-atomic values. 

The results of computer simulations have shown that the 
CF is also saturated, but the maximal harmonic order 
exceeds three hundred in the case of single atom. This 
drastic difference between experimental and theoretical 
results is due to the dispersion effects, which play a deci-
sive role in the spatially distributed ensemble of ionized 
atoms. At given experimental conditions the phase mis-
match between the driving laser pulse and the harmonic 
emission modifies significantly the frequency spectra of 
an atomic ensemble in comparison with the single atom 
response. The amplitudes of high-order harmonics are 
significantly suppressed. The simplest way to avoid this 
modification is to decrease the atomic density. However, 
this way is in contradiction with the perspectives of prac-
tical applications of the high-order harmonic emission. 

3. Isolated Sub-Femtosecond XUV Pulse 
Generation in Mn Plasma 

In this section, we discuss HHG from transition metal 
plasmas. These are very promising targets in view of the 
giant resonances found in the photoionization cross sec-
tions. For example, the Mn+ cross section is ~40 Mb at 
50 eV photon energy, whereas rare gas atoms have cross 
sections between 1 and 8 Mb at this photon energy. Pho- 
torecombination-the third step in the recollision model-is 
the inverse process of photoionisation and therefore 
HHG and photoionization must exhibit the same reso-
nances. This has been confirmed not only by previous 
resonance-induced experiments with laser-produced transi- 
tion metal plasmas but also in a recent study of HHG 
from xenon gas [18]. 

Resonance-induced enhancement of a single harmonic 
of the laser radiation allowed considerable improvement 
of harmonic efficiency in some specific XUV spectral 
ranges related with high oscillator strengths of ionic 
states of metals. This was confirmed in multiple studies 
following the initial observation of this phenomenon in 
indium plasma [19]. In particular, strong enhancement of 
a single harmonic was reported in Cr [20] and Mn [9] 
plasmas. The Mn plasma is of special interest since it 
showed the highest harmonic cut-off energy observed in 
plasma plumes (101st harmonic of Ti:sapphire laser [9]). 
In previous studies, multi-cycle (30 fs [9] and 140 fs [21]) 
laser pulses were employed and the generation of all 
harmonics in the plateau was observed together with a 
strongly enhanced harmonics in the vicinity of 50 eV. 

Recent progress in the generation of few-cycle pulses 
allowed the observation of various new effects including 
the realization of isolated attosecond pulse generation in 
gas media [22-24]. In this connection it is interesting to 
analyze resonance-induced processes observed in an ab-
lation plume using the shortest available laser pulses. 
Below, we present the analysis of the experiments on 
resonance enhancement in manganese plasmas using 3.5 
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fs pulses [25]. The most interesting feature observed in 
those experiments was a suppression of almost all neigh- 
boring harmonics in the vicinity of a resonantly enhanced 
single harmonic at the photon energy of 50 eV.  

The experimental arrangements were analogous to 
those presented in previous section of this review, ex-
cluding the use of few-cycle pulses for the experiments 
under consideration. The harmonic spectrum in the case 
of propagation of the 3.5 fs pulses through the manga-
nese plasma was strikingly different compared with other 
plasma samples (for example Ag plasma) analyzed in 
separate experiments. While all other samples studied 
showed a relatively featureless harmonic spectra with ex- 
tended cut-off (Figure 6, upper curve showing spectrum 
of the harmonics generating in the silver plasma), the Mn 
plasma allowed generation of a strong single harmonic 
substantially enhanced compared with neighboring ones 
(Figure 6, bottom curve). 

As it was already mentioned, the harmonic spectra 
from manganese plasmas for 30 fs and 140 fs pulses also 
showed enhanced harmonics around 50 eV. The assump-
tion of the resonance nature of the enhancement of har-
monics of the ~800 nm radiation of Ti:sapphire lasers in 
this spectral region is supported by the presence of a 
strong giant resonance in the vicinity of 50 eV confirmed 
by experimental [26] and theoretical [27] studies. The 
enhancement of a single harmonic can be attributed to the 
broadband resonances of the ions of few metals, such as V, 
In, Cd, Cr, Cd, and Mn. These “giant” resonances have 
been experimentally confirmed in the literature [26,28,29] 
and discussed recently in a few theoretical studies 
[7,30-32].  
 

 
Figure 6. Harmonic spectra from the silver plasma (upper 
curve) and manganese plasma (bottom curve) [25]. 

However, in previous studies using multi-cycle pulses, 
the intensity of enhanced harmonics was only a few 
times higher compared with those neighboring harmonic 
orders. The same features were reproduced in the re- 
viewed studies using 40 fs pulses from another 
Ti:sapphire laser at similar intensity inside the laser 
plasma (4 × 1014 W·cm−2). The raw image of the har-
monic spectrum presented in Figure 7(a) shows several 
enhanced harmonics starting from the 31st order followed 
by an extended second plateau. The extension of the 
harmonic cut-off exceeding the 71st order is attributed to 
the involvement of doubly charged Mn ions as the 
sources of HHG. This feature of Mn plasma harmonics 
has already been reported earlier [9]. Here also presented 
a typical image of a Mn harmonic spectrum in the case of 
3.5 fs pulses (Figure 7(b)). No second plateau, which 
was seen in the case of multi-cycle (40 fs) pulses, is ob-
served for the few-cycle pulse. Most striking was the 
observation of a single, very strong, broadband (2.5 eV) 
 

 

Figure 7. Raw images of harmonic spectra from manganese 
plasma in the case of (a) 40 fs and (b) 3.5 fs driving pulses 
obtained at the same intensity; (c) Raw images of harmonic 
spectra from Mn plasma at different pressures of neon in 
the hollow fiber obtained at the same energy of driving la-
ser pulses [25]. 

Copyright © 2013 SciRes.                                                                                  OPJ 



R. A. GANEEV 266 

31st harmonic. Only two weak neighboring harmonics 
(around the strong emission) are seen in the 30 - 65 eV 
spectral range. The ratio between the intensities of the 
enhanced harmonic to the weak neighboring harmonics 
exceeded one order of magnitude. One can note that, at a 
lower intensity of the femtosecond pulse (<2 × 1014 W 
cm−2), this strong harmonic disappeared when using both 
multi- and few-cycle pulses.  

The distinctive structure of the harmonic spectra, both 
for 40 fs and 3.5 fs pulses, clearly points out the in-
volvement of Mn 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 [28]. The laser 
polarization dependence of this emission was analyzed 
and it was found that the 50 eV radiation abruptly de- 
creases with the change of the polarization state of the 
femtosecond driving 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 charac-
teristics of the femtosecond radiation on the harmonic 
yield, the pressure of neon in the hollow fiber of second 
compressor of laser was varied, thus changing the dura-
tion of driving pulse. The spectral and intensity varia-
tions of manganese harmonic spectra in the range of 22 - 
62 eV as the functions of neon pressure in the hollow 
fiber are shown in Figure 7(c). One can clearly see that, 
with change of pressure (from 1 to 2.3 bar), the single 
31st harmonic intensity varies from almost zero to its 
maximum high value. A blue shift of the harmonics is 
also evident. Further increase of 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 carried out 
without carrier envelope phase (CEP) stabilization (that 
is, 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 φ = 0 and π/2) 
and no considerable differences were found in that case 
(Figure 8), though some variation of harmonic distribu-
tion was observed for the lower order harmonics (com-
pare the middle and bottom curves of Figure 8). The 
spectral shapes of the 31st harmonic emission were quite 
similar for these two fixed values of CEP, while a con-
siderable difference in harmonic spectra was maintained 
when comparing to longer pulse duration and lower in-
tensity of the driving pulses. Figure 8 shows HHG spec-
tra for 25 fs pulses (upper panel) and 3.5 fs pulses (mid-
dle and bottom panels) of the same energy. One can 
clearly see the absence of harmonic extension and reso-
nance-induced HHG in the case of low-intensity, 25 fs 
pulses.  

The fact that a strong CEP dependence of the plasma-  
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Figure 8. Experimental harmonic spectra generated from 
manganese plasma in the case of the absence of gas in the 
hollow fiber compressor (t = 25 fs) and random CEP (upper 
panel), and at 3 bar pressure (t = 3.5 fs) at fixed CEP (φ = 0, 
middle panel; φ = π/2, bottom panel). φ denotes the carrier 
envelope phase [25]. 
 
harmonic spectra in the case of 3.5 fs pulses was not ob-
served could also be attributed to the presence of a sig-
nificant amount of free electrons in the manganese plas- 
ma, which might diminish the difference between the 
HHG spectra recorded for different values of CEP. The 
same can be said about other HHG experiments using 
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 mean- 
time, comparative studies with gas media under similar 
experimental conditions were carried out and found a 
characteristic dependence of the HHG spectra on the 
CEP, which were commonly observed at such conditions. 
Thus the absence of the influence of the CEP on the 
harmonic pattern generated by few-cycle pulses from the 
ablation plumes appears to be a specific feature of plas- 
ma HHG. 

Summarizing this section, the observation of harmonic 
spectra from manganese plasmas driven by 3.5 fs pulses, 
which are dominated by a single enhanced 31st harmonic 
at around 50 eV, was discussed. The spectro-temporal 
experiments reveal the influence of the drive pulse dura-
tion on this process. Analysis of the harmonic energy 
tuning upon the variation of driving laser pulse duration 
controlled by change of gas pressure in the hollow fiber 
compression system show stabilization of the enhanced 
harmonic’s energy and wavelength, which can be ex-
plained with resonance-induced enhancement at 51 eV. 
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The modeling of this process suggested that the emission 
could constitute an isolated sub-femtosecond pulse. The 
observed weak CEP dependence might reduce the re-
quirements for CEP stabilization of the laser. The isola-
tion of a single harmonic without any filtering could also 
be useful for various applications where the ultrashort 
XUV pulses are required, without the losses induced by 
spectral dispersion or filtering. 

4. Stable Generation of High-Order  
Harmonics of Femtosecond Laser  
Radiation from Laser Produced Plasma 
Plumes at 1 kHz Pulse Repetition Rate 

Almost all HHG studies from weakly ionized plasmas 
produced during laser ablation of various solid targets 
were carried out using the 10 Hz pulse repetition rate 
lasers [11]. Up to now only few studies of HHG from 
plasmas have been carried out on static targets using 1 
kHz class lasers [33-35]. The ablation process at 1 kHz 
pulse repetition rate causes a considerable change of the 
surface properties of the target due to the 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. The demand in finding the optimal way for im-
proving the plasma harmonic stability at 1 kHz pulse 
repetition rate is high due to recent observations of the 
advanced properties of plasma harmonics over gas har-
monics [36-38]. In particular, in [36], the plasma HHG 
conversion efficiency was measured one order of magni-
tude stronger compared with gas HHG efficiency. 
Analogous features were reported in [38].  

The obstacle of all plasma harmonic experiments dur-
ing earlier studies was an insufficient stability of plasma 
parameters (density, ion and free electron concentrations, 
excitation conditions, etc.), which led to an instability of 
harmonic yield and fast decay of harmonic efficiency 
during irradiation of the same spot of ablating target. As 
it was mentioned, most of those early studies were per-
formed using a 10 Hz class lasers. At this relatively low 
pulse repetition rate, the stability of harmonics deterio-
rated after a few hundred shots on the same spot of the 
surface and even quicker for powder-like materials 
(fullerenes, nanotubes, metal nanoparticles, various or-
ganic and non-organic powders). One can note that laser 
ablation of the latter samples can be considered as an 
important tool for their structural studies using XUV 
nonlinear spectroscopy. The application of soft ablation 
allows the use of the same target for a much longer pe-
riod than in the case of earlier studies of over-excited 
targets during laser ablation. Thus a search of a robust, 
easy-to-apply method for improving the harmonic stabil-
ity in the case of plasma HHG could considerably ad-

vance a search of the fundamental (structural, orienta- 
tional, etc.) properties of organic and inorganic atoms 
and molecules. 

The earlier used approaches of a rotating disc geome-
try [39,40] for the movement of targets during ablation 
are not suitable since the distance between driving fem-
tosecond beam and target surface should be maintained 
minimal (of order of 100 m), while the Rayleigh length 
of the driving beam is maintained at the range of a few 
mm. Below we discuss a new method using a motorized 
rotating rod specifically prepared for the HHG from 
plasma plumes using high pulse repetition rate lasers, and 
demonstrate that this target significantly improves the 
stability of high-order harmonics [16]. 

Those studies were performed using two laser pulses: 
one to produce the plasma plume and the second to drive 
the HHG within it. The first (heating) pulse was created 
by splitting off a portion (200 μJ) 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 using 
a hollow core fibre and chirped mirrors, resulting in 250 
μJ, 3.5 fs pulses. The driving pulse was delayed with 
respect to the heating pulse by 40 ns to give the plasma 
the time to expand away from the target surface to allow 
the driving pulse to pass through the plasma without be-
ing clipped by the target.  

Target rotation and movement apparatus consisted of 
three linear stages driven by stepper motors along three 
axes. The target was attached to an axis of the fourth 
motor, which provided rotation with a variable speed 
(from a few rotations per minute (rpm) up to 300 rpm). 
Rotating the target was sufficient to achieve stable har-
monic radiation 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 was care-
fully aligned to the axis of rotation. Any movement of 
the target surface due to eccentricity in the radial direc-
tion from the driving beam axis would result in an oscil-
lation of the harmonic signal due to variation of the 
plasma density seen by the driving beam or, in the ex-
treme case, clipping of the laser beam.  

The target (cylindrical rode with diameter of 10 mm 
and length of 30 mm) was positioned as shown in Figure 
9, with the driving pulse propagating ~100 μm above the 
target surface. The picosecond heating pulse was focused 
onto the surface of the rotating target. In order to effi-
ciently produce high-order harmonics the plasma must be 
weakly ionized. 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 intensity of ~ 
1×1010 W·cm−2. This also had the benefit of increasing 
the size of the plasma produced from ablating a larger 
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area. The size of the focus at the target surface was 
measured to be ≈500 μm. The delayed driving pulse was 
focused through the plasma using a 40 cm spherical mir-
ror. The HHG radiation was analyzed by an XUV spec-
trometer consisting of a flat-field grating and an imaging 
microchannel plate detector with phosphor screen im-
aged onto a CCD camera. 

Figure 10 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. There is a sharp intensity decrease of more than 
one order of magnitude over only one thousand shots (or 
just after one second of ablation using 1 kHz laser). The 
benefits of the rotating rod are clearly shown in Figure 
11 where stable harmonic generation was achieved from 

 

 

Figure 9. Schematic of rotating target and HHG configura-
tion [16]. 
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Figure 10. Decay of harmonics from aluminum plasma after 
stopping the rotation of the motor. The harmonics were 
integrated over 40 - 80 nm spectral range [16]. 
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Figure 11. Stability of integrated harmonic signal from 

the plasma produced on an aluminum target for 

aluminum plasma in the case of rotating target [16]. 
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million laser shots. Stable harmonics were achieved in a 
broad range of the speeds of rotation. The target rota-
tional speed and the size of the ablation focus imply that 
the same area of target was undoubtedly used repeatedly 
for consecutive rotations over the 20 minute duration of 
experiments.   

It is possible t
rce from a following laser shot and plasma creation 

could expel some of the liquid target from the ablation 
area, which would not cause the plasma to be emitted in 
a direction normal to the surface. These effects are con-
siderably 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, the 
plasma formation occurs at approximately same condi-
tions. To prove that the ablated area cools down with 
rotation, the target was rotated at different speeds (from 
10 to 300 rpm) and no difference in stability of harmonic 
yield was found. These observations point out the im-
portance of the periodic change of the ablation zone. This 
also confirms a suggestion that the cooling of the abla-
tion area leads to stable plasma generation.   

Characteristics of plasma (density and ioniz
e the most important parameters to achieve and main-

tain stable HHG efficiency during an extended period of 
target illumination. The calculations [38] have shown 
that, in the case of carbon plasma, the concentration of 
particles in the area of femtosecond laser-plasma interac-
tion at optimal delay between heating and driving pulses 
(40 ns) is 2  1018 cm−3. The solid surface was consid-
ered as the one unheated before the 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 the almost “fresh” surface. Contrary, in the case 
of a stationary target, the following shots continue the 
heating of the same spot. 

Summarizing, the nove
e observation of advanced properties of plasma HHG 

even at extremely small energies of the heating pulses. 
The efficiency of plasma HHG depends on the possibility 
to create “optimal” plasma. This can be done using both 
multi-mJ pulses, as was shown in previous studies [38], 
and few hundred J pulses, as it was demonstrated in the 
reviewed work [16] and recently published studies [36]. 
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 
of “optimal” plasma over a longer distance, which could 
(or could not) increase the harmonic yield depending on 
the phase relations between the driving and harmonic 
waves. In addition, it can also lead to the over-heating of 
the target at 1 kHz ablation. As it was already mentioned 
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above, the rotating speed did not influence the stability of 
harmonics using 0.2 mJ heating pulses. The use of more 
energetic pulses at high repetition rate (i.e. of order of 
few mJ) may require additional optimization of the rota-
tion target technique (for example, by periodic up and 
down dragging of the rotating target). 

5. High-Order Harmonic Generation in 
e 

Fi

 attractive nonlinear medium for the 
H
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st
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Fullerenes Using Few- and Multi-Cycl
Pulses of Different Wavelengths 

nding new approaches to improve the efficiency of 
HHG of laser radiation towards the XUV range is an 
important goal of nonlinear optics and laser physics. 
Small sized nanostructures are an attractive approach, 
since they exhibit local-field-induced enhancement of the 
nonlinear optical response of the medium [41-43]. An-
other mechanism that can enhance harmonic efficiency 
of clusters is the increase of the recombination cross sec-
tion of accelerated electron and parent particle in the fi-
nal step of the three-step mechanism of HHG [44]. It was 
shown in [45] that laser-irradiated cluster-contained plas- 
mas can emit low-order harmonics efficiently. The ad- 
vantages of highly efficient harmonic generation in la- 
ser-produced plasmas containing nanoparticles have been 
analyzed in [43]. In this connection small-sized clusters, 
such as fullerenes, could show the advanced nonlinear 
optical properties  

Fullerenes are an
HG. Their sizes and broadband surface plasmon reso-

nance (SPR) in the XUV range allowed the first demon-
stration of enhanced HHG near the SPR of C60 (λSPR  60 
nm, with 10 nm full width at half maximum) [46]. 
Theoretical studies of HHG from C60 using multi-cycle 
pulses include an extension of three-step model [47], 
analysis of the electron bound within a thin shell of a 
rigid spherical surface, with geometrical parameters simi- 
lar to those of the C60 [48], and application of dynamical 
simulations [49]. Those studies reveal how HHG can be 
used to probe the electronic and molecular structure of 
C60. Theoretical investigation of such systems is ham- 
pered by the fact that the Hamiltonian of HHG is time 
dependent and the systems consist of many electrons. 
The investigation of the influence of the electrons on the 
resonant HHG can be performed by means of a multi- 
configurational time-dependent Hartree-Fock (MCTDHF) 
approach, which has the accuracy of direct numerical 
solution of the Schrödinger equation and is not signifi- 
cantly more complicated than the ordinary time-depen- 
dent Hartree-Fock approach [7]. In particular, the com-
putations could be based on the multiconfigurational 
time-dependent Hartree software packages [50]. In [7], 
simulations of resonant HHG were performed by means 
of a MCTDHF approach for three-dimensional fullerene- 
like systems. The influence of the SPR of C60 on the 

harmonic efficiency in the range of 60 nm (E = 20 eV) 
was analyzed and showed the role of resonant effects in 
the HHG enhancement. 

The ionization saturati
ates of C60 are higher compared to isolated atoms of 

similar ionization potential [51]. With this perspective, it 
is interesting to analyze HHG from fullerene molecules 
in the field of few-cycle laser pulses and compare these 
studies with those carried out using multi-cycle pulses. 
The motivation for the discussed studies was to analyze 
the conditions for efficient HHG from plasmas contain-
ing C60, using picosecond laser pulses to ablate the 
fullerene-containing target at high pulse repetition rate (1 
kHz) and then few-cycle laser pulses ( = 3.5 fs) to gen-
erate the harmonics in the fullerene plasma [52]. We also 
analyze HHG in fullerenes using 1300 nm radiation and 
compare these studies with those using 780 nm multi- 
cycle pulses.  

The experim
lerene harmonic generation was analogous to those 

presented in sections 3 and 4. Two types of targets were 
investigated: 1) C60 powder, which was glued onto a 
glass substrate or onto a rotating aluminum rod; and 2) 
bulk graphite for plasma harmonic generation. The 
maximum harmonic conversion efficiency was obtained 
by varying the distance between the femtosecond beam 
and the target, as well as the z-position of the plasma. 
The harmonic spectra from plasmas produced on the bulk 
graphite and fullerene powder glued onto the glass sur-
face are presented in Figure 12(a) in the case of laser 
wavelength λ = 780 nm. Harmonics up to the 29th order 
were obtained from the fullerene plasma. The harmonic 
efficiency in the case of the graphite plasma was about 
five times higher compared with the case of fullerene 
plasmas, most likely due to the higher concentration of 
emitters in the former case, as has also been reported in 
[37].   

The re
llerene plasma using few-cycle (3.5 fs) and multi-cycle 

(40 fs) pulses are shown in Figure 12(b). In the latter 
case, a 1 kHz repetition rate Ti:sapphire laser generating 
4 mJ, 40 fs pulses was used. The HHG conversion effi-
ciency for the 40 fs pulses at the beginning of plateau 
range in the case of the plasma plume containing 
fullerenes was estimated to be ~5 × 10−6 using a com- 
parison with the HHG conversion efficiency in a silver 
plasma, which has previously been reported at similar 
experimental conditions to be 1 × 10−5 [43]. One can note 
that the cutoff in the case of longer pulses (25th harmonic) 
was shorter with regard to the few-cycle pulses at similar 
intensities of these pulses in the plasma plume.  

The problem with using a fullerene powder-co
rget is the shot-to-shot instability and rapid decrease of 

the harmonic yield, due to the abrupt change in the target 
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 small concentration of fullerenes in the plasma 
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n efficiency studies in these two plasmas 
sh

onic yield from the 
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ctra
and graphite (thin curve) plasmas using the 8 ps heating 
pulses and 3.5 fs driving pulses at identical experimental 
conditions; (b) Comparison of HHG conversion efficiencies 
from fullerene plasma using the 3.5 fs (triangles) and 40 fs 
(circles) driving pulses. The laser wavelength is λ= 780 nm 
[52]. 
 
m
applications of this radiation source and greatly hamper 
efforts to measure the pulse duration of the harmonic 
emission, which typically requires a large number of la-
ser shots. A solution to this problem might be the use of 
long homogeneous tapes containing fullerenes, which 
continuously move from shot to shot to provide a fresh 
surface for each next laser pulse. The use of rotating tar-
gets containing C60 is another method for improvement 
of the harmonic stability ([16], see also previous section) 
from this medium, which was implemented in the dis-
cussed work. The 15 mm diameter aluminum rods were 
used as the substrates onto which the fullerene powder 
was glued. These rotating targets considerably improved 
the stability of harmonics from C60-containing plasmas 
compared with fixed targets fabricated by gluing fuller- 
ene powder to a glass substrate. Once the target rotation 
is stopped, the harmonic efficiency from the fullerene 
plasma decreased to the noise level within 1 - 2 seconds.  

This target fabrication method could be very useful in 
e case of powder-like targets (fullerenes, metal nano- 

particles, organic powder-like samples, etc.). Previously, 
even at 10 Hz pulse repetition rate, the ablation of pow- 
dered targets that were not moved led to their rapid deg- 

radation and abrupt decrease of harmonic yield [43]. 
With this new technique, one can glue the powdered ma-
terial onto the rotating rod to improve the stability of the 
harmonic emission. At the same time, one can note that 
the stability of harmonics from such powder-like targets 
is still worse than from rotating bulk metal rods due to 
the faster degradation of the target surface in the former 
case. 

Due to
ume, the amount of ablated material was insignificant 

even at 1 kHz pulse repetition rate. So the main difference 
between the rotating and non-rotating targets was related 
with the thermal conditions of heating spot. In the case of 
fixed target, the melting bath appeared after 1000 shots 
(e.g. 1 sec of ablation), which considerably worsened the 
process of plasma formation. Once the target started to 
move, the previously heated area cooled down and again 
could be used for efficient ablation and harmonic genera-
tion. This phenomenon was observed from many targets. 
It is possible to improve the stability of harmonics (and 
correspondingly stability of plasma formation conditions) 
not just by using the fresh (non-ablated) surface but by 
changing the conditions of overheating of the same spot of 
the target.  

Conversio
owed advantages of HHG in the case of graphite plas-

mas compared with fullerene plasmas [37]. This can be 
explained by the higher particle density in the graphite 
plasma. The concentration of fullerenes is below 1017 
cm−3 [46], while density estimates for carbon plasmas 
based on a three-dimensional molecular dynamical 
simulation of laser ablation of graphite using the mo-
lecular dynamics code ITAP IMD [53] showed that for 
heating by 8 ps laser pulses the graphite plasma density 
can reach 2.6 × 1017 cm−3 at the ablation intensity of 
2×1010 W·cm−2. Another reason for the observed superior 
features of graphite plasma harmonics could be the pro-
duction of clusters during laser ablation, though their 
involvement in HHG requires additional studies, includ-
ing time-of-flight measurements. 

In order to analyze the harm
llerene plasma using the mid infrared (MIR) laser 

source, an optical parametric oscillator (OPA) pumped 
by the 40 fs Ti:sapphire laser was used. A beam splitter 
inserted before the laser compressor of this Ti:sapphire 
laser was used to pick off 10% of the beam (780 nm, 1 
mJ, 160 ps, 1 kHz pulses) to generate a fullerene-con- 
taining plasma plume, with the remaining 90% being 
compressed to 40 fs (7 mJ) to pump a computer-con- 
trolled OPA. The OPA was optimized for high conversion 
efficiency, beam quality and short duration of the con-
verted pulses. The OPA provided signal pulses with du-
ration of 35 fs in the 1200 - 1600 nm spectral range with 
a maximum energy of 1.7 mJ at ~1300 nm. The idler 
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pulses covered the 1600 - 2200 nm range with a maxi-
mum energy of 1 mJ at ~ 2000 nm. The delay between 
the heating ablation pulse and MIR pulse from the OPA 
was set to 35 ns, as this delay was found to be optimal 
for the efficient generation of extended harmonics from 
fullerene plasma. 

Figure 13 shows the comparison of fullerene har-
monic spectra generated in the case of 1300 and 780 nm 
multi-cycle pulses. Harmonics up to the 41st order (Fig-
ure 13, bottom panel) were observed in the case of 1300 
nm pulses at the conditions of optimal plasma formation 
using the heating 160 ps pulses. The application of less 
intense, longer wavelength (1400 nm) pulses available by 
tuning the OPA did not result in an extension of har-
monic cut-off compared with the case of 1300 nm pulses. 
This observation suggests that the harmonic generation 
occurred under saturated conditions, with the expectation 
of stronger harmonics once the micro- and macro-proc- 
esses governing frequency conversion are optimized. 
Over-excitation of target by 160 ps pulses (Figure 13, 
middle panel) led to appearance of plasma emission in 
the 25 - 45 eV range of photon energies (λ = 27 - 50 nm). 
At these conditions, no harmonics were observed during 
propagation of femtosecond pulses through such over- 
excited plasma.  
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Figure 13. Comparative harmonic spectra from fu ene- 

femtosecond driving pulses [52]. 

ller
contained plume using the 780 nm (upper panel) and 1300 
nm (bottom panel) multi-cycle pulses (intensity of 160 ps 
heating pulses Ips = 1 × 1010 W·cm−2). The intensity axes are 
on the same scale allowing a direct comparison between the 
three cases. The middle panel shows C60 plasma emission 
spectrum at over-excitation of target by 160 ps heating 
pulses (Ips = 4 × 1010 W·cm−2), without further excitation by 

The harmonic spectrum up to the 25th order in the case 
of 780 nm, 40 fs pulses is presented in the Figure 13 
(upper panel). One can clearly see the extension of har-
monic cut-off (from the point of view of highest har-
monic order) in the case of longer-wavelength driving 
pulses by comparing the HHG spectra using the 780 and 
1300 nm pulses, while the extension of cut-off energy 
was insignificant.  

Approximately equal energies of driving pulses were 
maintained in these cases (0.53 mJ for 780 nm pulses and 
0.5 mJ for 1300 nm pulses). The intensity of 780 nm ra-
diation in the plasma area was calculated to be Ifs = 4 × 
1014 W·cm−2. The pulse durations of these sources (780 
and 1300 nm) were approximately same (40 and 35 fs 
respectively). Probably due to phase modulation and 
propagation through multiple optical elements in optical 
parametric oscillator-amplifier, the diameter of 1300 nm 
beam in the plasma plume was larger than in the case of 
780 nm beam. The corresponding lower intensity of 1300 
nm radiation could be responsible for less expected ex-
tension of harmonic cut-off energy. From the cut-off 
formula, one could expect the generation of harmonics 
up to the 47th order (in the case of 780 nm radiation), 
well above the observed cut-off (25th harmonic), which 
probably points out the difference in expected and actual 
intensity in the plasma area at the optimal conditions of 
HHG. The reason in this discrepancy could be related 
with the self-defocusing of driving pulses in the medium 
containing free electrons.  

In atoms the maximum emitted photon energy (giving 
the cut-off position) is described by the well known rela-
tion EM = I + 3.17Up with I the ionization energy and Up 
the ponderomotive energy. By invoking the three step 
model [44] this formula can be derived under the as-
sumptions that the laser field amplitude is constant. Rap-
idly varying laser pulses can considerably shift the cutoff 
[54,55]. The molecules support more returning trajecto-
ries than atoms and allow the existence of several plateau 
[56]. It is not therefore easy to disentangle the effects of 
pulse shape and presence of a molecule and to state a 
general law for the position of the cutoff; the EM = I + 
3.17Up law can therefore be used only as a touchstone.  

It was observed that the plasma harmonic yields from 
the 780 and MIR probe pulses are consistent with the 
predicted single-atom harmonic intensity wavelength 
scaling Ih  λ−5, which arises due to electron wavepacket 
spreading before recollision [57,58]. The harmonic effi-
ciency of the XUV radiation in the range of 30 - 50 nm 
driven by MIR pulses was 7 to 15 times less compared 
with the case of 780 nm probe pulses, which is compara-
ble with the expected ratio between harmonic intensities 
from these sources ((1300/780)5  12.7) followed from 
above rule, assuming approximately equal energies of the 
780 and 1300 nm pulses (0.53 and 0.5 mJ respectively). 
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The fact that HHG in the fullerene system exhibits a 
wavelength scaling that is consistent with single-atom 
pr

 
 

edictions allowed to employ a theoretical model [59] in 
which the interaction of short pulses with C60 was treated 
in the single active electron approximation with one 
electron constrained over a structureless spherical surface 
of radius R = 3.55 × 10−8 cm = 6.71a0. This simplified 
model can be treated in an analytical fashion. It permits a 
physical understanding of the dynamics of the active 
electron, and allows an easy check of resonances be-
tween bare molecular state. Indeed a generalization of the 
model can be used to analyze the physical properties, the 
energy content and stability of hollow spherical clusters 
[60]. The calculated harmonic spectra from C60 are pre-
sented in Figure 14 in the case of 780 nm (photon energy 
Eph = 1.6 eV) and 1300 nm (photon energy Eph = 0.96 eV)
pulses propagating through the fullerene medium. The 
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Figure 14. Calculated data of the harmonic spectra from 
fullerene plasma in the case ,b) 780 nm and (c) 1300 nm 

 

of (a
driving radiation. The pulse durations are (a) 2 optical cy-
cles (5.2 fs), (b) 12 optical cycles (31 fs) and (c) 8 optical 
cycles (34 fs) [52]. 

calculations 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 inten-
sity 6 × 1014 W·cm−2, which were close to the conditions 
of fullerene HHG experiments.   

The spectra of well-resolved harmonics were obtained 
but with broadened lines (in the case of short pulses) and 
hyper Raman lines (in the case of long pulses). Hyper 
Raman lines with frequency other than harmonics, are 
due to transitions between laser dressed molecular states 
[61,62]. The presence of these lines has been predicted 
since the very beginning of the theoretical treatment of 
HHG [63] and found in different contexts such as two- 
level approximation, quantum dots calculations, hydro- 
gen atom and so on [64-67] but never observed in actual 
experiments. Several explanations have been proposed to 
explain this failure; for example it has been argued that 
they add destructively in the forward direction or that 
they show a transient nature and are thus overwhelmed 
by the presented odd harmonics [68,69]. 

The calculations [52] showed well-defined harmonics 
(up to Hc = 31) in the case of 1300 nm multi-cycle pulses. 
The theoretical model exploited the spherical symmetry 
of the C60 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 be-
comes unreliable when ionization becomes significant. 
The harmonic cut-off in the case of 1300 nm radiation 
was extended compared with 780 nm radiation (Hc = 17), 
analogously as in the case of experiment.   

Previous HHG studies in fullerenes were performed 
using the multi-cycle pulses (30 fs, 48 fs, and 110 fs 
[43]). The stability of C60 against fragmentation in multi- 
cycle laser fields leads to fast diffusion of the excitation 
energy. Even better conditions can occur in the case of 
few-cycle pulses used for fullerene HHG. In that case 
fullerenes can withstand the influence of the strong field 
of few-cycle pulses due to the increase of the ionization 
saturation intensity as the pulse duration is decreased. 
This can further increase the diffusion of the excitation 
energy within the fullerenes due to their very large num- 
ber of internal degrees of freedom. The increase of en- 
ergy diffusion is expected to lead to a decrease in the 
disintegration of fullerenes, which enhances the prob- 
ability of harmonic emission from these molecules.  

The graphite plasma, which was compared in these 
experiments with C60, can be easily aggregated during 
laser ablation, thus leading to nanoparticles formation in 
the laser plume, as it was shown in [36-38]. In that case 
the comparison of two clustered species (large 5 - 20 nm 
carbon clusters and 0.7 nm C60) can lead to their different 
nonlinear optical response once the interacting laser 
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pulse becomes compressed from the multi-cycle to few- 
cycle duration. The discussed results show that for the 
shortest laser pulses, the HHG cut-off for fullerene is 
extended, while the harmonic intensity is reduced com- 
pared with “carbon harmonics”. The intensity of the fem- 
tosecond pulse is an important parameter in for optimiz-
ing the HHG from C60. Increasing the intensity of the 
driving pulse did not lead to an extension of the har- 
monic cutoff from the fullerene plume, which is a signa-
ture of HHG saturation in the medium. Moreover, at 
relatively high intensities, a decrease in the harmonic 
output was observed, which can be attributed to the 
phase mismatch caused by propagation effects. 

The stability of C60 molecules against ionization and 
fragmentation is of particular importance, especially for 
their application as a medium for HHG using laser pulses 
of 

29  and 41  
or

 for new plasma media that would favor the 
lows further 

efficiency. The 

 of the 
hi

ed several 
ne

different duration. The fullerene molecules ablated off 
the surface should be intact when the driving pulse ar-
rives. Hence, the heating pulse intensity also becomes a 
sensitive parameter. At lower intensities of heating pulse, 
the concentration of the clusters in the plume would be 
low, while at higher intensities one can expect fragmen-
tation. This phenomenon is observed when the heating 
pulse intensity on the surface of fullerene-rich targets is 
increased above the critical value (Figure 13, middle 
panel). The abrupt reduction in harmonic intensity in that 
case can be attributed to phenomena such as fragmenta-
tion of fullerenes, an increase in free electron density, 
and self-defocusing of the driving pulse, all of which are 
expected to reduce the efficiency of HHG. 

Summarizing this section, the experimental and theo-
retical studies of high-order harmonic generation in the 
plasmas containing fullerenes (up to the th st

ders for the 780 and 1300 nm radiation) under different 
plasma conditions and laser parameters in the case of 
few- and multi-cycle pulses show the attractiveness of 
applications of this medium for frequency conversion of 
laser radiation. The comparison of harmonics from 
C60-rich plasmas and plasmas produced on graphite sur-
face showed stronger harmonic yield in the latter case, 
which was attributed to higher density of the plasma 
plume and the formation of clusters during the ablation 
of graphite targets. The experiments with fullerene pow-
der glued onto aluminum rotating rods demonstrated a 
dramatic improvement in harmonic generation stability 
compared with static fullerene-containing targets. The 
comparative studies using 3.5 and 40 fs pulses showed 
that, for few-cycle pulses, the harmonic cutoff is ex-
tended compared with multi-cycle pulses, which can be 
attributed to reduced fragmentation of C60 for the shorter 
pulse. The comparison of fullerene harmonic spectra 
generated in the case of 1300 and 780 nm multi-cycle 
pulses showed the extension of generating harmonic or-
ders in the former case. The plasma harmonic yield ap-

proximately follows the Ih  λ−5 wavelength scaling rule 
predicted for single atoms. The maximal conversion effi-
ciency obtained in these fullerene HHG studies was es-
timated to be 5 × 10−6. Theoretical calculations of ful- 
lerene harmonic spectra were carried out in the single 
active electron approximation, which showed harmonics 
up to Hc = 31 in the case of 1300 nm multi-cycle pulses 
and up to Hc = 17 in the case of 780 nm multi-cycle 
pulses.  

6. Perspectives of Plasma HHG 

The quest
enhancement of an individual harmonic al
enhancement of harmonic conversion 
production of a single high-intensity harmonic (rather 
than a group of harmonics of equal intensity in the pla-
teau region) would open up the way to the practical ap-
plication of these coherent short-wavelength radiation 
sources. Because resonantly enhanced harmonics have 
already been observed in several plasma media, there are 
strong grounds to believe that similar conditions will be 
discovered for other plasma formations. The generated 
harmonic wavelength may then be tuned to the transi-
tions with high oscillator strength by wavelength tuning 
of the driving laser system, as well as by varying the 
chirp of the laser radiation. Application of ablated 
nanoparticles and clusters for HHG can also enhance the 
yield of harmonics in the XUV range. Further improve-
ments in HHG conversion efficiency and harmonic ex-
tension require a systematic study of the influence of 
various plasma and laser parameters on ablation har-
monics. Many new peculiarities of plasma harmonics 
emerged during last few years allow expecting further 
extension of our knowledge of materials properties using 
this powerful tool of nonlinear spectroscopy.   

Whilst the first stage of these successful studies was 
entirely focused on the improvements of harmonic yield 
from plasma, at current stage of knowledge

gh-order nonlinear optical processes in ablation plume 
one can consider this method as a new technique for ma-
terials science. Thus the search of the dual role of plasma 
HHG as a method for efficient coherent XUV light gen-
eration and of materials probing is a milestone for future 
developments and the next stage of studies would be 
aimed at the enhancement of HHG efficiency from laser 
ablation produced on the surfaces of solid-state materials 
and applications of plasma harmonics for analysis of 
spectral and structural properties of materials. 

Future studies are aimed on an analysis of the HHG 
spectroscopy conducted using a low-excited laser-pro- 
duced plasma, which has already demonstrat

w approaches to the problem of increasing the HHG 
efficiency in comparison with the efficiency of conven-
tional HHG in gases. At the same time, it is obvious that 
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gas HHG exhibits much higher harmonic orders (in 
comparison with the plasma HHG obtained to date). 
Without making excessively optimistic predictions that 
the orders of in-plasma-generated harmonics will exceed 
the in-gas harmonic orders in the nearest future, the re- 
searchers can focus primarily on the realization of new 
techniques for increasing the wavelength-converted ra- 
diation intensity with the use of plasma plumes, which 
may hardly be realized in conventional gas HHG. At the 
same time, these studies will allow to explore various 
optical, nonlinear optical, and structural properties of ma- 
terials using the laser ablation induced HHG spectros- 
copy.  

It is worth noting that, currently, nonlinear spectros- 
copy involving gas HHG trying to deal with such prob- 
lems as (a) extension of the HHG spectroscopy based 
at

in

 Andreev, H. Kuroda, 
g, C. Hutchison, F. Frank, 
. Zaïr, J. W. G. Tisch, T. 

[1] L N. A. Papadogiannis, L. A. A. Nikolopoulos and D. 
Charalambidis n of He through a 
Superposition  Physical Review 

tosecond structural imaging technique to image nuclear 
re-arrangements induced by localized hole excitations, (b) 
application of strong-field ionization to create localized 
hole excitations and study their attosecond dynamics in 
polyatomic molecules, (c) search of selective imaging of 
hole dynamics induced by the removal of e.g. inner-va- 
lence electrons using the XUV initiated HHG technique, 
and (d) development of multi-dimensional HHG spec- 
troscopy capable of following energy flow between dif- 
ferent molecular modes over multiple femtosecond time- 
scale. The proposed laser ablation induced HHG spec- 
troscopy allows adding some important impulse to those 
studies, by using the peculiarities of plasma HHG.  

One can expect an improvement of plasma HHG due 
to the double excitation of laser-produced plasmas, opti- 
mization of the longitudinal harmonic generation scheme 

 the laser plume, optimization of nanostructured plas- 
mas, use of multicomponent plasma plumes, formation of 
quasi-phase-matching conditions for the waves in com- 
plex extended plasmas, provision of a regime of wave- 
guide pump propagation through the plasma medium, 
feasibility analysis of atto second pulse generation in 
laser-produced plasma, use of mid-IR pulses for har- 
monic extension, stabilization of plasmas and harmonics 
characteristics using rotating and moving targets, search 
of the attosecond pulse generation by achieving the con- 
tinuum in the harmonic emission near the cut-off, which 
allows for the first time the generation of ultrashort laser 
pulses in the plasma plumes, etc. All these concepts are 
new and did not apply previously for the improvement of 
plasma harmonic generation efficiency. The joint imple- 
mentation of new and old (application of the clusters 
with controllable and variable sizes, resonance-induced 
harmonic enhancement, two-color pump-induced en- 
hancement of even harmonics, search of the influence of 
multi-electron dynamics of complex clusters, such as 
nanotubes and graphenes, on the plasmon resonance- 
induced growth of few harmonics in the XUV range, etc.) 

methods and approaches in the case of plasma media 
allows making the advance to the state-of-the-art within 
the plasma HHG field, which will lead to the establish- 
ment of a new method of material science laser ablation 
induced high-order harmonic generation spectroscopy. It 
follows from the above that investigations in this area of 
nonlinear optics are making rapid strides and may bring 
new success in the nearest future. 
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