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1. Introduction

High-order harmonic generation (HHG) of ultra-short laser pulses is an effective method to
generate extreme ultraviolet (XUV) radiation and attosecond light pulses. Currently, various
techniques are used for HHG, such as the interaction of intense laser with gases (Kazamias
et al., 2003), with low-density laser-produced plasmas (Ganeev, 2007), and by reflecting
relativistic intensity laser pulses from solid surfaces (Norreys et al., 1996). Such harmonics
are promising sources of coherent soft x-ray radiation with various applications, such as
XUV nonlinear optics and spectroscopic studies. In particular, the major advantages of HHG
are very good spatial quality and femtosecond to attosecond temporal resolution. Single
attosecond XUV pulses (with pulse durations of several hundred attoseconds) from HHG
has been generated, by irradiating neon gas atoms with intense, few-cycle laser pulse
(Drescher et al., 2001), and the current record for the shortest pulse ever generated is 80
attoseconds (Goulielmakis et al., 2008). Furthermore the maximum cut-off energy of
harmonics has been extended up to 1.3 keV (corresponding to a wavelength of 0.95 nm)
(Seres et al., 2005). This ultra-short nature of harmonics has lead to several applications of
pivotal importance, such as controlling the motion of bound electrons in molecular
dissociation (Kling et al., 2006), mapping of attosecond electron wave packet motion
(Niikura et al., 2005), and nonlinear phenomena in the XUV region (Nabekawa et al., 2005).

To extend the harmonic cut-off to shorter wavelengths, one needs to use nonlinear medium
with higher ionization potential. This is because generally speaking, the harmonic cut-off
energy Ecutof is determined by the cut-off rule Ecuro = I, + 3.17 U, where I, is the ionization
potential and U, the ponderomotive energy (Corkum, 1993). Thus, we should observe
increased cut-off energy with increased laser intensity. However, the highest photon
energies demonstrated to date by HHG have generally been limited not by the cut-off rule,
but by effects that come into play as the gas is ionized by the laser. For example, if the gas
medium is ionized before the peak of the laser pulse arrives, the neutral atom can only
interact with a lower “saturation intensity”, which is the intensity where 98% of the gas is
singly ionized. The saturation intensity can be increased using shorter-duration laser pulses
or using atoms with a large ionization potential, thus allowing the atoms to survive higher

laser intensity before ionizing. For example, instead of rare-gas atoms, rare-gas like ions in
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laser-produced plasmas of alkali metal has been used in the past for HHG (Akiyama et al.,
1992; Kubodera et al., 1993; Wahlstrom et al., 1995). The basic idea was to capitalize on the
high ionization potential of alkali metal, which is higher than those of any other gas atom.
The cut-off energies of the HHG using KrF excimer lasers (248 nm wavelength) were 64.92
eV and 105 eV, for potassium (Akiyama et al., 1992) and lead ions (Kubodera et al., 1993)
produced in laser-plasmas. On the other hand, experiments using Ti:sapphire lasers as the
pump have only demonstrated cut-off up to the 27th harmonic (29.4 nm wavelength) using
sodium and potassium ions (Wahlstrom et al., 1995). In all of the above experiments with
rare-gas-like ions, the plateau was never observed. Recently, we have demonstrated the 63rd
harmonic (12.63 nm wavelength, 98 eV photon energy) using laser ablation boron ions
irradiated by 150 fs Ti:sapphire laser pulse (Ganeev et al., 2005d). Experimental evidence
show that these harmonics result from the interaction of femtosecond laser pulse with singly
charged ions and neutral atoms. In this experiment, the plateau has been observed.

Another important goal of HHG research is to increase its conversion efficiency. In the past,
such conversion efficiency enhancement has been pursued by controlling the phase
matching condition in gas filled capillary (Rundquist, 1998) or gas cell (Tamaki et al., 1999).
Using xenon gas-filled hollow-core fiber, strong 15t harmonic at a wavelength of 53.3 nm
was obtained with a conversion efficiency of 4 x105 (Constant et al., 1999). Conversion
efficiency of 3x10-5 was obtained for the 23rd harmonic at a wavelength of 35 nm, by using
argon gas cell (Kazamias et al., 2003). The strongest output energy of harmonics were 7 pJ
for the 11th harmonic at a wavelength of 72.7 nm, 4.7 pJ for 13th harmonic at a wavelength of
62.3 nm, and 1 pJ for 15t harmonic at a wavelength of 54 nm using xenon gas cell
(Takahashi et al., 2002). More recent results have reported an enhancement of high-order
harmonic conversion efficiency when a two-color (fundamental and second harmonic field)
orthogonally polarized driving field is used (Kim et al., 2005). In this scheme, the conversion
efficiency of the 38th harmonic (21.6 nm) was 5x10-5, using helium gas jet. An alternative
approach is to use resonance enhancement in HHG, which has been proposed by theoretical
calculations (Gaarde & Schafer, 2001; Faria et al., 2002; Taieb et al., 2003b). Experimentally,
resonance enhancement of the 13th and the 15th harmonics using argon gas medium has been
observed (Toma et al., 1999). However the enhancement in these works were a factor of two
to three, and the harmonic spectrum consisted of multiple harmonics.

In this chapter, we will review recent developments in the generation of intense high-order
harmonics using lowly ionized plasma as the nonlinear medium. While early experiments
have shown high-order harmonic generation using similar technique (Akiyama et al., 1992;
Kubodera et al., 1993; Wahlstrom et al., 1995), the harmonic spectra lacked a plateau, and
consequently the cut-off was limited. In contrast, recent results have shown clear plateau
(Ganeev et al., 2005d) with a cut-off as high as the 101st order (Ganeev et al., 2007). A unique
intensity enhancement of a single high-order harmonic that dominates the spectrum has
been observed in the XUV region (Ganeev et al., 2006). Such enhancement of a single
harmonic is an advantage for several important applications of coherent XUV radiation. One
example is photoelectron spectroscopy for understanding excited-state electron dynamics, in
which there is a need to select one harmonic while eliminating neighboring harmonics. This
single enhancement technique will allow the generation of a quasi-monochromatic coherent
x-ray source, without complexities of using monochromators, multilayer mirrors and filters.
Another characteristic of this plasma harmonic method is that one could use any target that
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High-Order Harmonic Generation from Low-Density Plasma 467

could be fabricated into solids. Profiting from this feature, there has been several works on
pioneering high-order harmonic generation from nanostructured material, such as metallic
nanoparticles and fullerenes. This chapter is organized as follows. In Section 2, I will review
the basic experimental setup for plasma harmonic generation. In Section 3, I will review the
various cut-off of plasma harmonics and their relation to the ionization potential of the
target material. In Section 4, intensity enhancement of a single harmonic order is discussed,
and in Section 5, on high-order harmonics from nanostructured material.

2. Experimental setup

A schematic diagram of the typical experimental setup is shown in Fig. 1. The pump laser is
usually a high-intensity femtosecond laser system, such as the Ti:sapphire laser. A pre-pulse
is split from the amplified laser beam using a beam splitter before the pulse compressor.
The typical pre-pulse energy is 5 - 17 mJ with pulse duration of a few hundred ps. The main
femtosecond pump pulse typically has energy of 5 - 17 m]J. A cylindrical or spherical lens
focuses the pre-pulse onto a solid target placed within a vacuum chamber, which generates
a laser ablation plume that contains low-charged ions. The size of the focus on the target
surface is typically 1 mm, and the intensity of the pre-pulse was varied between 1010 - 1011
Wem2. The main pulse is focused onto the ablation plasma by a spherical lens, with a delay
between 20 to 100 ns after the pre-pulse irradiation. The typical intensity of the main pulse
at the plasma plume is 10 - 10> Wcm=2. The spectrum of the generated high-order
harmonics was measured by grazing incidence spectrometer with a gold-coated Hitachi
1200 grooves/mm flat-field grating (such as the Hitachi 001-437). A gold-coated grazing-
incidence cylindrical mirror was used to image the target harmonics at the ablation plume
onto detector plane. The XUV spectrum is detected using a two-dimensional x-ray detector

Slit
Target_\ l> Cylindrical mirror
Hitachi grating

Main pulse MCP
150 fs 10 mJ \; ]_ K
’ " 7_7-_7:,4.F __________ >$“"'- L"

S
~ prepulse

o - CCD camera
& 210ps 18 mJ

Fig. 1. Schematic of experimental setup for HHG measurement from the laser ablation
plume pumped by femtosecond laser pulse. First the prepulse was focused on the target
surface. Then the main pulse was focused into the preplasma that was produced by the
prepulse. Delay between prepulse and main pulse is 100 ns. The generated high-order
harmonics were measured by grazing incidence spectrometer and detected by microchannel
plate with CCD camera.
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(such as a micro-channel plate with a phosphor screen read-out), and the spectrum is
recorded using a CCD camera. To obtain the energy of the harmonics generated, the
absolute calibration of the spectrometer system is performed using the following method
(Ganeev et al., 2005a)[27]. First, the intensity of the 3rd harmonic generated from a nonlinear
crystal is measured, and its readout intensity is compared with that of the 3rd harmonic
generated from the laser ablation plasma by using a commercial spectrograph. The intensity
of the 3rd harmonic was measured with a power meter. Then, one compares the intensity of
the 3td harmonic with that of the 9th harmonic from the laser ablation plumes using the
commercial spectrograph. Finally, one compares the intensity of the 9th harmonic with that
of the high-order harmonics in the XUV region using the flat-field spectrometer.

3. Cut-off of plasma harmonics

Figure 2 and 3 shows the typical HHG spectra from silver and vanadium laser ablation
plumes. There are two characteristics of these spectra that show them to be harmonics. First,
only odd-order harmonics are observed, and second, these harmonics disappear by simply
rotating the polarization of the femtosecond laser pulse from linear to circular. The spectrum
from vanadium ablation (Fig. 3) shows high-order harmonics up to the 71st order (11.20 nm
wavelength). The conversion efficiency of the 71st harmonic was measured to be 1.6x10-.
Using laser plasma of silver (Fig. 2), the cut-off is at the 59t harmonic (13.47 nm) with a
conversion efficiency of 6x10-6. Typical plateau and cut-off were observed in both spectra.
The appearance of the plateau in the spectrum indicates that these harmonics are generated
in the non-perturbative regime. Therefore the cut-off energy of the harmonics from the laser
ablation plume could be explained by the three-step model (Corkum, 1993). In the three-step
model, the cut-off energy rule is given by Ecytofr = Ip + 3.17U,, [eV]. Here, I}, is the ionization
potential of the nonlinear medium, and U, is the ponderomotive potential, where U, =
e2E2/4m®? = 9.33x10-14 IA2, where e and m are electron charge and mass, and E, o, I, A, are
the laser field amplitude, laser frequency, laser intensity (in units of Wcm?2) and laser
wavelength (in units of um), respectively. In previous works, a plot of the harmonic cut-off
energy as a function of the ionization potential showed that the cut-off depended strongly
on the second ionization potential of the ablation atom (Ganeev et al., 2005b). For example,
the harmonic cut-off energy for boron was 98 eV (12.6 nm wavelength), which has a second
ionization potential of 24.12 eV. For silver, which has a second ionization potential of 21.04
eV, the cut-off was at 95 eV (13.03 nm wavelength), showing high correlation between the
two. However, our experimental results with vanadium seem to deviate from this rule. The
second ionization potential of vanadium is 14.65 eV, but the cut-off is at the 71st harmonic
(11.20 nm wavelength), with photon energy of 110 eV. That is, the second ionization
potential of vanadium is lower than that of silver, but the cut-off energy of vanadium is
higher than that of silver. The estimated maximum cut-off energy of vanadium was 85.6 eV
by using the cut-off rule equation and assuming that the U, is the same as that of silver.
However, experiments show that the cut-off energy is higher than this estimated value. We
attribute the observation of the 71st harmonic to the contribution from doubly charged ions.
The third ionization potential of vanadium is 29.31 eV, which is higher than the second
ionization potential value of boron. Therefore the observation of cut-off energy by using
vanadium is higher than that of boron.
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Fig. 2. HHG from the laser ablation silver plume, with a cut-off at the 59th harmonic (13.47
nm wavelength).
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Fig. 3. HHG from the laser ablation vanadium plume, with a cut-off at the 71st harmonic
(11.20 nm wavelength).

We attribute the observation of the vanadium cut-off at the 71st harmonic to contribution
from doubly charged ions to the harmonic spectrum. The third ionization potential of
vanadium is 29.31 eV, which is higher than the second ionization potential of boron.
Therefore, harmonic generation from doubly- ionized vanadium will allow a cut-off higher
than those from boron plasma. To investigate the nature of HHG from doubly charged ions
in other ablation plumes, we have also measured the harmonic spectra generated from
niobium, titanium, lead, and germanium. Table 1 shows the experimentally observed cut-off
energy of HHG from laser plasma of niobium, titanium, vanadium, lead, and germanium
plumes, generated by femtosecond laser pulses. The second ionization potentials of
niobium, titanium, vanadium, lead, and germanium are 14.32, 13.58, 14.65, 15.03, and 15.93
eV, respectively. Furthermore, the third ionization potentials of these materials are 25.04,
27.49, 29.31, 31.94, and 34.22 eV, respectively. In the experiments, niobium, titanium, and
vanadium showed relatively high cut-off energies of 76.42, 95.14, and 110.7 eV, respectively.
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Nb Ti V Pb Ge
Maximum cut-off energy (eV) 76.42 | 95.14 | 110.7 | 54.59 | 38.99
Second ionization (eV) 1432 | 13.58 | 1465 | 15.03 | 15.93
Third ionization (eV) 25.04 | 27.49 | 29.31 | 31.94 | 34.22

Table 1. The harmonic cut-off energy and ionization potentials for Nb, Ti, V, Pb, and Ge atoms.
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Fig. 4. HHG spectrum from laser ablation titanium plume, showing a cut-off at the 61st
harmonic (13.03 nm wavelength).

Interestingly, however, the maximum cut-off energy of lead and germanium were limited to
54.59 and 38.99 eV, respectively. For example, the 61st harmonic (13.03 nm wavelength, 95eV
photon energy) from the laser ablation titanium plume have been obtained as can be seen in
Fig. 4. This is contrary to our hypothesis that higher ionization potentials generally yield
higher cut-off harmonics, since, for example, the second and third ionization potentials of
germanium are higher than vanadium, but the cut-off energy of germanium is only one-
third of vanadium. The above results show that simple comparison of ionization potentials
alone cannot definitively predict the relative cut-off harmonics among different atomic
species. From our comparison with boron ablation, we can safely say that the HHG from the
laser ablation niobium, titanium and vanadium were generated from doubly charged ions.
Therefore, the relatively low cut-off from lead and germanium ablation can be attributed to
the smaller contribution of harmonics from doubly charged ions. In these experimental
conditions, the laser ablation plumes were not optimized for the lead and germanium target.
As a result, self-defocusing of the femtosecond pump laser occurred from the electron by the
leading edge of femtosecond laser pulse and the focusing intensity is decreased. Fig. 5
shows the maximum cut-off energy as a function of the ionization potential of the laser
ablation plume used for nonlinear medium. Lead, zinc, indium, gold, silver, boron,
titanium, and vanadium were used as the nonlinear medium in this experiment. The
maximum cut-off energy has been increased when the ionization potential of the nonlinear
medium increased. From Fig. 5, we can clearly see a good correlation between the cut-off
energy and the ionization potential of the target material. This relatively clear correlation is
also due to the fact that there is a maximum pump laser intensity that the ion can interact
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with, before it further ionizes. Usually, this maximum intensity can be approximated by the
barrier suppression intensity Igs;, where Ipsi [eV] ~ 4x10° (Ip)*/ Zi2. Therefore, the maximum
pump intensity (and as such Up) is also a function of the ionization potential, and thus
resulting in the strong correlation between the cut-off energy and Iy.
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Fig. 5. The maximum observed cut-off energy as a function of the ionization potential of the
nonlinear medium.

4. Intensity enhancement of single harmonic

Interesting results have been observed when the laser ablation of tin and indium plasma is
used for harmonic generation. Fig. 6 shows the spectra of HHG from tin plasma pumped by
femtosecond laser pulse. Plateau and cut-off of the harmonics have both been observed in
these experiments. Although the signal is weak, high-order harmonics up to the 23rd order
(34.56 nm wavelength) was observed with tin. However, the 17th order harmonic (at a
wavelength of 46.76 nm) was unusually strong using tin laser ablation plume, as shown in
Fig. 6 (Suzuki et al., 2006). The intensity of the 17th harmonics was 20 times higher than those
of its neighbors. The conversion efficiency of the 17th harmonic was measured to be about
1.1x104, and this output energy of 1.1 uJ was obtained from the pump laser energy of 10 m]J.

To confirm the nature of this strong emission at the wavelength of 46.76 nm, we investigated
the effect of the pump laser polarization on HHG. Fig. 7 shows the intensity of the 46.76 nm
harmonic as a function of the laser polarization ellipticity. A quarter-wave plate was
installed after the focusing lens to change the pump laser polarization from the linear to
circular. The line intensities shown in Fig. 7 are normalized to that generated using linearly
polarized pump laser, corresponding to the zero position. The intensity of emission at the
wavelength of 46.76 nm decreased after 10-degree rotation of the quarter-wave plate, which
completely disappeared after 50-degree rotation of the quarter-wave plate. This tendency is
consistent with that of gas harmonics, which leads us to conclude that the strong emission at
46.76 nm should be generated by HHG. To investigate the mechanism of enhancement for
the 17th harmonic, the central wavelength of the pump laser pulse was changed from 795 nm
to 778 nm. Fig. 8 shows the HHG spectra from the laser-ablated tin with three different laser
wavelengths of 795 nm, 782nm, and 778 nm (Suzuki et al., 2006).
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Fig. 6. HHG spectra from tin laser ablation irradiated by femtosecond laser pulse. Strong

17th harmonic (46.76 nm wavelength) is observed. (Suzuki et al., 2006)
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Fig. 7. Intensity of the 17t harmonic (46.76 nm wavelength) as a function of the quarter
waveplate angle. The laser polarization is varied from linear (0 degree) to circular (45
degree). (Suzuki et al., 2006)

In Fig. 8(a), one sees that the intensity of the 17th harmonic using 795 nm wavelength pump
dominates the harmonic spectrum. The intensity of the 17th harmonic is 20 times higher than
that of other harmonics. However, in Fig 8(b), the intensity of the 17t harmonic using 782
nm wavelength pump is decreased, and is almost the same as that of other harmonics. In
Fig. 8(c), the intensity of the 17th harmonic with 778 nm wavelength pump is further
decreased. In this case, the 17th harmonic intensity is weaker than that of the 13th and 11th
harmonics. The above results show that the intensity of the 17th harmonic gradually
decreased as the wavelength of the pump laser become shorter. In past work, the Sn II ion
has been shown to posses a strong transition of the 4d105s25p 2P3/, - 4d95s25p2? (1D) 2Ds/; at
the wavelength of 47.20 nm (Duffy & Dunne, 2001). The gf-value of this transition has been
calculated to be 1.52 and this value is 5 times larger than other transition from ground state
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of Sn II. Therefore, the enhancement of the 17th harmonic with 795 nm wavelength laser
pulse can be explained be due to resonance with this transition. By changing the pump laser
wavelength from 795 nm to 778 nm, the wavelength of the 17th harmonic is changed from
46.76 nm to 45.76 nm. Therefore, the wavelength of the 17th harmonic pumped by laser
wavelength of 778 nm is farther away from the 4d105s25p 2P3/, - 4d%s25p2 (1D) 2Ds/»
transition, at the wavelength of 47.20 nm. As a result, the resonance condition of the 17th
order harmonic is weaker when pumped by a 778 nm, compared with the case for 795 nm

pump.
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Fig. 8. HHG spectra from tin laser ablation for pump laser with central wavelength of (a) 795
nm, (b) 782 nm, and (c) 778 nm. The intensity of the spectra (b) and (c) are multiplied by 6
times. (Suzuki et al., 2006)

Fig. 9 shows the typical spectra of HHG from the laser ablation indium plume. In this
experiment, the indium plasma was produced by a low-energy laser pulse, instead of the
conventional gas medium. Exceptionally strong 13th harmonic at a wavelength of 61.26 nm
have obtained as can be seen in Fig. 9. Using a 10 m] energy Ti:sapphire laser pulse at a
wavelength of 796.5 nm, the conversion efficiency of the 13th harmonic at a wavelength of 61
nm was about 8x105, which was two orders of magnitude higher than its neighboring
harmonics. The output energy of the 13th harmonic was measured to be 0.8 pJ. A cut-off of
the 31st order at a wavelength of 25.69 nm has observed in this experiment.

For indium, the 4410552 1S, - 4d95s25p (2D) 1P; transition of In II, which has an absorption
oscillator strength (gf-value) of 1.11 (Duffy et al., 2001)[30], can be driven in to resonance
with the 13th order harmonic. Fig. 10 shows the HHG spectra at the wavelength of 796 and
782 nm. The intensity of the 13th harmonic for indium is attributed to such resonance of the
harmonic wavelength with that of a strong radiative transition. By changing the laser
wavelength from 796 nm to 782 nm, the 15th harmonic at the wavelength of 52.13 nm
increased, and the intensity of the 13th harmonic decreased at the same time. The reason of
the 15th harmonic enhancement is due to resonance with the 4d105s5p 3P, - 4d95s5p? (2P) 3F;
transition of In II, which has a gf-value of 0.30. The enhancement of the 15t order harmonic
intensity is lower than that of the 13th harmonic because the gf-value of 4d05s5p 3P; -
4d95s5p? (2P) 3F; transition is lower than that of the 4d105s2 1Sy - 4d%5s25p (2D) 1P, transition.
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Furthermore the central wavelength of the 13th harmonic was driven away from resonance
with the 4d105s2 1S5y - 4d%s25p (2D) 1P; transition when using 782 nm wavelength laser,
thereby decreasing the 13th order harmonics.
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Fig. 9. Spectrum of the HHG from the laser ablation indium plume. The conversion
efficiency is 8x10-.
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Fig. 10. HHG spectra from indium laser ablation for pump laser with central wavelength of
(@) 795 nm, (b) 782 nm. The intensity of the 13th harmonic is two orders of magnitude higher
than its neighboring harmonics.

There have been several discussions on the reason for this intensity enhancement of a single
harmonic order. Taieb et al. (Taieb et al., 2003a) have shown theoretically that if there is
resonance between a specific harmonic order and a radiative transition, then considerable
population could result on the upper state of the transition. Since electrons that ionizes from
this excited state has a non-zero initial velocity, the electron driven by the laser electric field
could recollide multiple times with the parent atom, thus increasing the harmonic emission.
There is also work that explains the phenomenon to a better phase matching condition
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under the presence of a strong radiative transition (Elouga-Bom et al., 2008). A strong
absorption line will greatly modify the index of refraction near its wavelength. Under
appropriate conditions, this could greatly improve the coherence length of a harmonic order
close to this absorption, thus greatly increasing the intensity of this harmonic. Simulations
using the actual parameters for indium plasma have shown that this theory explains well
the intense 13th harmonic of indium.

5. High-order harmonics from nanostructured material

5.1 Silver nanoparticles

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

— Ag nanoparticle
Ag sohd

3 ZIH 23“ -

Intensity [arb.units]

1 ° 1 1 o 1
38 35 32 29
Wavelength (nm)

Fig. 11. Harmonic distribution in mid-plateau region for produced from bulk Ag target (thin
lineout) and Ag nanoparticle plasma (thick lineout).

We compared the harmonic yield for silver nanoparticle targets with those from bulk silver
targets, under the same prepulse and main pulse conditions. Fig. 11 shows the lineout of the
harmonic spectra between the 21st and the 29th harmonics within the plateau. One clearly
sees that the HHG intensity from the nanoparticle target was more than six times higher
compared with that from bulk silver target. We can estimate the energy of these harmonics
based on calibrations we have performed using longer (130 fs) pulses (Ganeev et al., 2005a).
For 130 fs pump lasers, we have measured a conversion efficiency of 8x10-¢ for bulk silver
target. This would be a conservative estimate of the conversion efficiency for bulk silver
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targets in the present work, which uses shorter 35 fs pulses. We therefore estimate a
minimum harmonic conversion efficiency of 4x10-> from silver nanoparticles within the
plateau region. For the maximum main pump laser energy of 25 mJ used, the energy of the
21st to the 29th harmonics is evaluated to be more than 1 pJ.

When we compare the cut-off observed for harmonics from nanoparticle and slab silver
targets, we also noted a slight extension of the harmonic cut-off for nanoparticles (Fig. 12).
Harmonics up to the 67th order (103 eV photon energy) was observed in these studies with
silver nanoparticles, while, for bulk silver target, the cut-off was at the 61st order (94 eV
photon energy) under the same conditions. This slight extension of harmonic cut-off agrees
with past observations, which noted similar extension in the cut-off for argon clusters,
compared with isolated atoms (Donnelly et al., 1996)[19]. This difference has been explained
by the increase in the effective binding energy of electrons in the cluster. The higher binding
energy will allow the cluster to interact with laser intensities that are much higher than for
isolated atoms, resulting in the extended cut-off for the former. In past works with Ar
(Donnelly et al., 1996), the cut-off for clusters was at the 33td order, compared with the 29th
order cut-off for monomer harmonics.
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Fig. 12. High-order harmonic spectra generated from (1) silver nanoparticle plasma, and (2)
plasma produced from bulk silver target.

Next, we studied the dependence of the harmonic yield on the pump intensity. However,
the measurement was made difficult by the rapid shot-to-shot change in the harmonic
intensity from Ag nanoparticle target. For experiments with solid slab targets, stable
harmonic generation can be obtained for about ten minutes at 10 Hz repetition rates,
without translating for a new target surface. However, for nanoparticle targets, the
harmonics were strong for the first few shots, which were followed by a rapid decrease in
harmonic yield when the plasma was created at the same target position. We attribute this
effect to evaporation of the thin layer of nanoparticles. The first shot results in a strong
harmonic spectrum, with the typical plateau-like structure starting from the 17th order.
Then, for the second and third shots, the intensity of the harmonics decreased drastically,
and, for the fourth shot and after, the harmonics almost disappeared. We repeated the
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experiments with nanoparticles many times, revealing the same feature. We also observed
that, when we used different material as the substrate, there was a different behavior of the
shot-to-shot decrease in harmonic yield. Another interesting feature found in the
experiments with nanoparticle targets was that the prepulse intensity necessary for HHG
was lower than that used for bulk targets.

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

Due to such rapid change in the conditions for harmonic generation with nanoparticle
targets, it was difficult to define precisely the dependence of harmonic yield on prepulse
and main pulse intensities. Nevertheless, approximate measurements of the dependence of
harmonic yield on the main pulse intensity for Ag nanoparticles have shown a saturation of
this process at relatively moderate intensities (I, ~ 8x1014¢ W cm-2).

Harmonics from plasma nanoparticles also displayed several characteristics similar to gas
harmonics. First, the harmonic intensity decreased exponentially for the lower orders,
followed by a plateau, and finally a cut-off. Next, the harmonic intensity was strongly
influenced by the focus position of the main pump laser, along the direction parallel to the
harmonic emission. The strongest harmonic yield was obtained when the main pump laser
was focused 4 to 5 mm after the nonlinear medium. We observed the same tendency of the
harmonics using bulk silver target. The typical intensity of the pump laser for maximum
harmonic yield was between 5x1014 to 2x10%5 W cm-2. These results agree with those of gas
harmonics (Lindner et al.,, 2003), and are due to the selective short-trajectory-generated
harmonics when the pump laser is focused after the medium. Harmonics from short-
trajectories have a flat and large area on-axis, with excellent phase matching conditions,
resulting in the higher harmonic yield. In our case, we needed to focus the pump laser away
from the medium, since the total intensity that would be produced at focus would exceed
the barrier suppression intensity for multiply charged ions. This would result in over-
ionization of the plasma, leading to the decrease in the harmonic yield.

To study the size effect of nanoparticles, we performed harmonic generation experiments
using colloidal silver targets, which are contains blocks of silver with sizes between 100 to
1000 nm. We confirmed the size of the silver blocks by viewing with a scanning tunneling
microscope. The results showed that the harmonic yield for these sub-pm-sized silver blocks
was much lower than that from nanoparticles, and was comparable to those from bulk silver
targets. We also noted a tendency of slightly extended harmonic cut-off for smaller particle
sizes. The cut-offs for the harmonics were at the 61st, 63rd and 67th order, for bulk silver, sub-
pm silver colloid and silver nanoparticle targets, respectively.

These studies have shown that the increasing the particle size over some limit is undesirable
due to the disappearance of enhancement-inducing processes. The observed enhancement of

www.intechopen.com



478 Advances in Solid-State Lasers: Development and Applications

harmonic yield for plasma plume with 90 to 110 nm size nanoparticles can probably be
further improved by using smaller nanoparticles.

These experiments show that the size of the nanoparticles is of essential importance for
harmonic generation. To gain maximum HHG conversion efficiency, it is essential to know
the maximum tolerable particle size for increased harmonic yield. On one hand, increasing
the size of the particles increases its polarizability, and large polarizability of a medium is
critical for efficient harmonic generation (Liang et al., 1994). On the other hand, the increase
in particle size leads to phenomena that reduces harmonic yield (such as HHG only from
surface atoms (Toma et al., 1999), and reabsorption of harmonics).

The increased HHG efficiency for silver nanoparticles might also be an important factor for
explaining the high conversion efficiency of HHG from plasma produced from bulk silver
targets. Silver has been known to be a highly efficient material for plasma HHG, but up to
now the reason was not clear (Taieb et al., 2003a). However, it is known that nanoclusters
(such as Agy and Agg) and nanoparticles are abundantly produced by laser ablation. Since
our laser plume expanded adiabatically for 100 ns before irradiation by the main pulse, one
can expect that the silver plume from bulk silver target also contained many nanomaterials,
which would contribute to increasing the HHG efficiency.

5.2 Other nanoparticles

To study what parameters affect the strong harmonics from nanoparticles, we next
performed experiments using nanoparticles of different materials. An example of the
harmonic spectrum from chromium oxide (Cr2Os) nanoparticle target is shown in Fig. 13(a).
The spectrum from nanoparticle targets showed a featureless plateau with a cut-off at the
31st harmonic, with harmonic yield that is much stronger than those from bulk Cr,Os targets
(Fig. 13(b)). Another important observation is that the relative intensities between harmonic
orders differ for different targets. For nanoparticle targets, the harmonic spectrum resembles
those observed from gas, with a plateau followed by a cut-off. However, harmonics from
bulk Cr;Os target has a characteristic enhancement of the 29th order, and a cut-off at the 35th
harmonic, which has also been observed in previous studies of HHG in chromium plasma
(Ganeev et al., 2005c)[24]. For bulk chromium oxide targets, the 29th harmonic is about 10
times stronger than the lower 27th harmonic. Such enhancement was not observed with
Cr,O3 nanoparticle targets at moderate prepulse intensities (5x10° W cm-2). We should note
that by further increasing the prepulse intensity to 9x10° W cm2, we could generate intense
29th harmonic from Cr,Os; nanoparticle targets. This is a sign of ionization of the
nanoparticles in the plasma, since enhanced single harmonic in chromium has previously
been attributed to the proximity of the 29th harmonic with the giant 3p - 3d ionic transitions
of singly ionized chromium ions (Ganeev et al., 2005c). The delay between the prepulse and
main pulse in these experiments was kept at 25 ns.

High-order harmonics from other nanoparticles also showed similar features, with a notable
enhancement of low-order harmonics at the plateau and a decrease in the harmonic cut-off
compared with harmonics using bulk targets. For example, Fig. 13(c) and (d) show the
harmonic spectrum for manganese titanium oxide (MnTiOs) nanoparticles and bulk targets,
respectively. The MnTiOs3 nanoparticles show relatively strong 19th and 21st harmonics, with
a cut-off at the 25th order, whereas the bulk MnTiO3 targets show only weak harmonics that
are comparable to noise. Increasing the femtosecond pump intensity did not lead to
extension of the harmonic cut-off for nanoparticle targets, which is a sign of saturation of the
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HHG in these media. Also, at relatively high femtosecond pump intensities, we noted a
decrease in the harmonic conversion efficiency due to the onset of negative effects (such as
increase in the free electron density, self-defocusing and phase mismatch). Similar effects
were also observed when we increased the prepulse intensity, which is attributed to the
increase in the free electron density of the plasma, resulting in phase mismatch.

Intensity [arb. units]
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Wavelength [nm]

I I I 1 31 1
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Fig. 13. Harmonic spectrum for (a) chromium oxide nanoparticles, (b) chromium oxide bulk,
(c) manganese titanium oxide nanoparticles, and (d) manganese titanium oxide bulk targets.

A comparison of the low-order harmonic generation using the single atoms and
multiparticle aggregates has previously been reported for Ar atoms and clusters (Donnelly
et al., 1996)[7]. It was demonstrated that a medium of intermediate-sized clusters with a few
thousand atoms of an inert gas has a higher efficiency for generating the harmonics,
compared with a medium of isolated gas atoms of the same density. The reported
enhancement factor for the 3rd to 9th harmonics from gas jets was about 5. In our HHG
experiments with the laser-ablated nanoparticles, these observations were extended toward
the higher-order harmonics and stronger enhancement for the harmonics up to the 25t
order was achieved. These results have also shown that the dependence of the HHG
efficiency on the prepulse and main pulse intensity is much more prominent for
nanoparticles than for monatomic particles.
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Since nanoparticles are smaller than the laser wavelength, they contain many equivalent,
optically active electrons at effectively the same point in the laser field. This leads to the
possibility that each of these electron oscillators may contribute coherently to a global
nanoparticle dipole. However, this statement is true only for low-order harmonics. For high-
order harmonic generation (such as those considered in this paper), the dipole
approximation is inapplicable, because the harmonic radiation wavelength is shorter than
the size of nanoparticles (about 100 nm).

We would like to point out that in our experiments with nanoparticles, the intense
harmonics were observed (i) only for lower orders, (ii) when the intensity of the picosecond
prepulse (which generates the plasma plume) was moderate. When the prepulse intensity
was increased, phenomena that are explained by the presence of ions appeared. For
example, enhancement of the 29th harmonic in chromium is related to the giant 3p - 3d ionic
transitions of Cr*, which started to appear for Cr,Os; nanoparticles when the prepulse
intensity was increased to 9x109 W cm-2. These results suggest that one major reason for the
intense harmonics from nanoparticles is the contribution from neutral atoms. Since neutral
atoms are larger compared with its ions, the recombination probability of the electron wave
packet that was liberated by the laser electric field is also larger for neutral atoms. As a
result, the neutral atoms emit stronger harmonics than ions, but with a lower cut-off due to
its lower ionization potential.

5.3 Cgo fullerenes

5.3.1 Harmonic generation from Cg, fullerenes

A problem with experiments using nanoparticles is that there is always a distribution in
their size and shape. Since phenomena such as ionization and nonlinear response to intense
laser fields should vary with nanoparticle dimensions, it becomes difficult to determine how
the various characteristics of the nanostructured material affect harmonic generation. To
study HHG from a more uniform nano-material, we decided to next explore Cgo fullerenes.
In our previous experiments, we demonstrated HHG from laser-produced plasma of
fullerene targets (Ganeev et al., 2009). In that work, we showed that (i) the harmonics lying
within the spectral range of SPR in Csp (20 - 22 eV) are enhanced, (ii) the harmonic efficiency
from Ce targets are 20 to 25 times larger for the 13th harmonic compared with those
generated from carbon monomer rich plasma, and (iii) the harmonic cut-off in Cg is lower
(19th order) than carbon but extends beyond the value (11t order) predicted by the three-
step model. Here, we present a more detailed account of HHG from Cg fullerenes.

Fig. 6 shows the harmonic spectra from Ceo for different delays between the pump pulse and
the femtosecond driving pulse. HHG by ablation of bulk materials is influenced by the
temporal delay between the pump pulse and driving pulse, as it results in a change in the
atomic density and plasma length of the nonlinear medium. To study their effects on the
harmonic intensity, we varied the delay from 18 ns to 100 ns. Our measurements showed no
significant changes in the harmonic intensities in Cso (see Fig. 13(a) and (b)) for delays of 22
ns and 63 ns, with some two-fold increase of harmonic efficiency for the shorter delay. By
comparing with calibrated harmonics from silver plasma (Ganeev, 2007), we estimate the
efficiency of the 13th harmonic from fullerene plasma to be near 10-4.

However, for bulk targets such as C, Cr and Mn, no harmonics were observed from plasmas
when we used the shorter delays, which is contrary to the case of Csp. This can be attributed
to the non-optimal plasma conditions, since it requires time for the plasma to ablate on the
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bulk surface and expand into the area where the femtosecond beam interacts with the
plasma. This can also be inferred from the lower pump pulse intensity (I, ~ 2x10° W cm-2)
needed for HHG from Cgp-rich target, compared with that needed for bulk targets [Ipp >
1010 W cm2]. We believe that short delays lead to more favorable evaporation conditions
and higher particle density for the cluster-rich medium compared with the monatomic
medium, thus resulting in a higher harmonic yield. Usually for heavy bulk targets, the
strong harmonics were observed using longer delays (40-70 ns). The use of light targets (B,
Be, Li) showed an opposite tendency, where one can obtain effective HHG for shorter
delays. The optimization is related to the presence of a proper density of particles within the
volume where harmonics are generated, which depends on the propagation velocity of the
plasma front. For Cgo, one can expect to optimize HHG at longer delays due to the larger
weight of the fullerene particles. However, one also needs to take into account the
possibility of the presence of the fragments of Cgoin the plume, in which case, the density of
the medium within the laser-interaction region becomes sufficient even for shorter delays.
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Fig. 13. Harmonic generation observed in Csy plasma at (a) 22 ns and (b) 63 ns delays
between the prepulse and main pulse and (c) in chromium plasma

An interesting feature of the fullerene harmonic spectra is that the spectral width is about
three to four times broader compared with those generated in plasma rich with monatomic
particles (1.2 nm and 0.3 nm FWHM, respectively). For comparison, Fig. 13(c) shows the
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harmonic spectra for Cr bulk targets. Broader width of the harmonics can be explained by
self-phase modulation and chirping of the fundamental radiation propagating through the
fullerene plasma. Broadening of the main beam bandwidth causes the broadening of the
harmonic’s bandwidth. Increase in the harmonic bandwidth with delay can be explained by
the longer length of the fullerene plasma for the longer delay, and thus stronger self-phase
modulation of the femtosecond pump laser.

The intensities of the pump pulse and driving pulse are crucial for optimizing the HHG
from Ceo. Increasing the intensity of the driving pulse did not lead to an extension of the cut-
off for the fullerene plasma, which is a sign of HHG saturation in the medium. Moreover, at
relatively high femtosecond laser intensities, we observed a decrease in the harmonic
output, which can be ascribed to phase mismatch resulting from higher free electron
density. We observe a similar phenomenon when the pump pulse intensity on the surface of
fullerene-rich targets is increased above the optimal value for harmonic generation. This
reduction in harmonic intensity can be attributed to phenomena such as the fragmentation
of fullerenes, an increase in free electron density, and self-defocusing. At relatively strong
ablation intensity for fullerene film (I, > 1x1010 W cm2), we observed only the plasma
spectrum, without any sign of harmonics.

The stability of Cs molecules to ionization and fragmentation is of particular interest,
especially for their application as a medium for HHG. The structural integrity of the
fullerenes ablated off the surface should be intact until the driving pulse arrives. Therefore,
the pump pulse intensity is a sensitive parameter. At lower intensities the density of clusters
in the ablation plume would be low, while at higher intensities one can expect
fragmentation. C60 has demonstrated both direct and delayed ionization and fragmentation
processes and is known to survive even in intense laser fields. This can be attributed to the
large number of internal degrees of freedom that leads to the fast diffusion of the excitation
energy (Bhardwaj et al, 2003). At 796 nm, multiphoton ionization is the dominant
mechanism leading to the ionization of Cgin a strong laser field. The collective motion of &
electrons of Cgy can be excited by multiphoton process. Since the laser frequency is much
smaller than the resonance frequency of i electrons, barrier suppression and multiphoton
ionization are the dominant mechanisms leading to the ionization in a strong laser field.
Another important parameter that affects the stability of HHG process is the thickness of the
fullerene target. We obtained stable harmonic generation with low shot-to-shot variation in
harmonic intensity by moving the fullerene film deposited on the glass substrate after
several laser shots. This avoids decrease in the fullerene density due to ablation of the thin
film. The number of laser shots at the same target position that resulted in stable harmonic
emission decreased drastically with the film thickness. For example, in a 10- um film, the
harmonic emission disappeared after 70 to 90 shots, whereas in a 2-um film, the harmonics
disappeared after 5 to 7 shots.

To understand the origin of the harmonic emission in Cso, we studied its dependence on the
polarization of the main pulse. This also allows one to distinguish the plasma emission from
the HHG. HHG is highly sensitive to laser polarization, since the trajectories of the
recolliding electrons are altered significantly for elliptically polarized pump lasers, thus
inhibiting the recombination process. We noted that the harmonic signal drop rapidly and
disappear with ellipticity of the laser polarization. For circular polarization, as expected, the
harmonic emission disappears and the resulting background spectrum corresponds to the
plasma emission.
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Does the influence of plasmon resonance on the HHG in fullerene plasma depend on the
wavelength of the driving field? To address this question, we also studied HHG using the
second harmonic (396 nm, 4 m]J, 35 fs) of the main pulse (793 nm, 30 m]J). The low second
harmonic conversion efficiency did not allow us to achieve the laser intensities reached with
the 793 nm fundamental laser. As a result, we were able to generate harmonics up to the 9th
order of the 396 nm driving pulse, while simultaneously generating harmonics using the 793
nm laser. Harmonic generation using two main pulses (793 nm and 396 nm) did not
interfere with each other, due to different focal positions of these two beams (~2 mm in the
Z-axis and ~0.2 mm in the X-axis). Therefore, the two HHG processes occurred in different
regions of the laser plasma. Here, the Z-axis is the axis of propagation of the driving beam,
and the X-axis is the axis vertical to the Z-axis. This axis is defined by the walk-off direction
of the second harmonic with respect to the fundamental driving pulse.

Harmonic Order (800nm pump)

11 13 15 17 19
4000 , iR
(@) (396nm) Cen I
3000 - y
9H
SH 13H
. 396nm
2000 k (3.%“"1) (793nm) ( !
f ISH
| 11H K 793nm), -
1000F§ rroa y 1TH§
(75nm) (793nm)

(b)

Intensity [arb. units]

1000 L SH (396nm) Mn}
7H (39%6nm)
2000 - f' 1
||| ’
1000 | f | .
| | .I | .‘, | |
= | !
80 70 60 50 40
Wavelength [nm)]

Fig. 14. Harmonic spectra from (a) Cep and (b) Mn plasma, when both the 793 nm and 396
nm laser were simultaneously focused on the laser-produced plasma.

Fig. 14(a) shows the HHG spectrum from Cgp fullerene optimized for the second harmonic
driving pulse. The energy of the second harmonic is ~1/7th of the fundamental. One can see
the enhancement of the 7th harmonic (which is within the spectral range of the SPR of Cq)
compared with the 5th harmonic. This behavior is similar to that observed for the 793 nm
driving pulse. For comparison, we present in Fig. 14(b) the optimized harmonics generated
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using the 396 nm pump and the weak harmonics from the 793 nm radiation in manganese
plasma. One can see a decrease in harmonic intensity from the Mn plasma for each
subsequent order, which is a common case, when one uses a nonlinear optical medium
containing atomic or ionic particles. These studies confirmed that, independent of the
driving pulse wavelength, the harmonics near SPR in Cgp are enhanced.

5.3.2 Simulations of Cgo harmonic spectra

To understand the influence of the absorptive properties of surface plasmon resonance on
the harmonic emission spectrum in Cg, we simulated the emission spectrum using
parameters that are roughly identical to those used in experiments. The HHG efficiency can
be understood by three length parameters. For optimum HHG, the length of the nonlinear
medium Lmeq should be (a) larger than the coherence length Lcon = 7/Ak, which is defined
by the phase mismatch between the fundamental and harmonic fields (Ak = kq - gko where
kq and ko are the harmonic and fundamental wave vectors, respectively) and depends on the
density and ionization conditions, and (b) smaller than the absorption length of the medium
Lavs = 1/po, where p is the atomic density and o is the ionization cross-section.

The photoionization cross-section of Cg is well known, both experimentally and
theoretically. It displays a giant and broad plasmon resonance at ~ 20 eV (around the 11th,
13th and 15th harmonics, with a bandwidth of 10 eV FWHM). We calculated the absorption
length using the estimated fullerene density in the interaction region (5x10¢ cm-=3) and the
known photoionization cross-sections. The absorption length varies from 0.8 mm (for the 7th
and 17th harmonic) to 0.3 mm (for the 11th, 13th and 15t harmonic), suggesting that
harmonics near the plasmon resonance should be more strongly absorbed in the medium
(whose length is estimated to be about 0.8 - 1 mm). Due to this increased absorption in C,
we expect a dip in the harmonic spectrum for the 11th - 15th harmonics. Our calculations also
point out that harmonics produced in bulk carbon target are not absorbed by the nonlinear
medium. With an assumed medium length of 1 mm, theoretical spectra are obtained by
using the proper wavelength-dependent index of refraction and dispersion data.
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Fig. 15. Calculated relative intensities of harmonics generated from neutral carbon mono-
atom and Ceo fullerene molecule.
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From our calculations, we find that for bulk carbon, the influence of absorption on the
harmonic yield is negligible and as a result the overall harmonic spectrum is determined by
dispersion. The harmonic yield decreases with increasing order as it becomes difficult to phase
match higher orders. In Cgp, absorption of harmonics by the nonlinear medium is dominant
due to large photoabsorption cross-sections. The effect of dispersion only lowers the HHG
efficiency but does not affect the overall shape of the spectrum. As a result, one expects the
harmonic yield to decrease considerably near the surface plasmon resonance, if one does not
consider the nonlinear optical influence of this resonance on the harmonic efficiency in this
medium. On the contrary, in our experiment, we observed a notable enhancement of these
harmonics in the fullerene-rich plume (Figs. 13 and 14). This is a signature of multi-electron
dynamics in a complex molecule such as C¢and has no atomic analogue.

To understand the origin of enhancement of harmonic yield near SPR, we theoretically
studied the interaction of monatomic carbon and fullerene Cgp molecule with a strong laser
pulse by the time-dependent density functional theory (TDDFT) (Runge & Gross, 1984). In
the TDDFT approach, the many-body time-dependent wave-function is replaced by the
time-dependent density, which is a simple function of the three-dimensional vector r. n(,t)
is obtained with the help of a fictitious system of non-interacting electrons by solving the
time-dependent Kohn-Sham equations. These are one-particle equations, so it is possible to
treat large systems such as fullerenes. For all calculations we used the OCTOPUS code
(Marques et al., 2003) with norm-conserving non-local Troullier-Martins pseudopotentials
(Troullier & Martins, 1991), Slater exchange, Perdew and Zunger correlation functionals
(Perdew & Zunger, 1981) and grid spacing of 0.6 A for parallelepiped box of 8x8x60 A.

We analyzed the relative harmonic intensities calculated for C¢ and bulk carbon (Fig. 8). A
significant increase in HHG efficiency for Cs molecule can be attributed to additional
oscillation of the time-dependent dipole in the Cso molecule. This can be a sign of an induced
collective plasmon-like response of the molecule to external field. At the same time the cut-
off for the carbon atom is higher than that for a fullerene molecule. Treating relatively high-
order harmonics with our simulation codes can become inaccurate, due to an exponential
cut-off of the exchange and correlation potential. The effects of correlation for lower
harmonics are nevertheless conserved, so a collective oscillation can be responsible for the
relative increase of the time-dependent dipole and, respectively, HHG conversion efficiency
observed in plasma of fullerene molecules.

6. Conclusion

In this chapter, we have reviewed recent developments in the generation of intense high-
order harmonics using lowly ionized plasma as the nonlinear medium. We have shown
recent results that demonstrate clear plateau with a cut-off as high as the 101st order. A
unique intensity enhancement of a single high-order harmonic that dominates the spectrum
has been observed in the XUV region. Such enhancement of a single harmonic is an
advantage for several important applications of coherent XUV radiation. One example is
photoelectron spectroscopy for understanding excited-state electron dynamics, in which
there is a need to select one harmonic while eliminating neighboring harmonics. This single
enhancement technique will allow the generation of a quasi-monochromatic coherent x-ray
source, without complexities of using monochromators, multilayer mirrors and filters.
Another characteristic of this plasma harmonic method is that one could use any target that
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could be fabricated into solids. Profiting from this feature, there has been several works on
pioneering high-order harmonic generation from nanostructured material, such as metallic
nanoparticles and fullerenes.
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