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We performed systematic investigation of high-order harmonic generation from fullerene-rich laser-
produced plasmas. We studied harmonic generation by varying several experimental parameters, such as the
delay between the ablation and driving pulses, and divergence and polarization of the pump laser. Enhancement
of harmonic yield is observed near 20 eV, which is attributed to the influence of a broadband plasmon
resonance of C60 on the nonlinear optical response of fullerene-rich plasma. This increase in the harmonic
intensity occurs despite the increased absorption by C60 at these wavelengths. Using simulations based on
time-dependent density-functional theory, we confirm that this effect is due to the influence of collective
excitations. We compare harmonic generation from fullerenes using lasers with 793 nm and 396 nm wave-
lengths, which show the influence of plasmon resonance on the conversion efficiency of high-order harmonics
for different laser wavelengths.
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I. INTRODUCTION

High-order harmonic generation �HHG� of ultrashort laser
pulses is an attractive method to generate extreme ultraviolet
�xuv� radiation and attosecond light pulses. Currently, vari-
ous techniques are used for HHG, such as the interaction of
intense laser with gases �1�, with low-density laser-produced
plasmas �2�, and by reflecting relativistic intensity laser
pulses from solid surfaces �3�. However, the brightness of
such HHG sources precludes their use in various applica-
tions, such as conducting xuv nonlinear optics and spectro-
scopic studies.

HHG conversion efficiency can be enhanced by �a� im-
proving the phase matching conditions �4�, �b� periodically
modulating the atomic density in the nonlinear medium �5�,
�c� exploiting the resonance of an ionic transition with a
specific harmonic order �6�, �d� using atomic clusters that
results in increased recombination probability of the recollid-
ing electron with the parent particle and in resonant enhance-
ment due to expanding clustered plasma �7–10�, and �e� ap-
plying surface plasmon resonances �SPRs� for low-order
harmonics �11� and in large molecules and nanostructures
�12�. However, the maximum achieved harmonic efficiency
in the xuv range still remains relatively low �10−6–10−5� for
atomic and ionic media.

By using particles with larger size �such as clusters of
gas and metal atoms�, enhancement of HHG efficiency has
been observed, compared with those from media rich in
single atoms or ions. Likewise, fullerenes are an attractive
molecule to study HHG as they have relatively large sizes
��0.8 nm� and demonstrate broadband SPR in the xuv
��SPR=60 nm, 10 nm full width at half maximum �FWHM�
�13,14���. We have recently reported the first demonstration
of HHG from fullerenes and showed an enhancement of har-
monics near its SPR �15�.

In this paper, we report the results of systematic studies of
HHG in C60-rich laser-produced plasma under different
plasma conditions and laser parameters to develop further
understanding of the processes previously reported. Specifi-
cally, we investigated �i� the enhancement of harmonic yield
near SPR and �ii� the extension of the harmonic cutoff, using
different pump wavelengths, polarization and by optimizing
the time delay between prepulse and main pulse. Using
simulations based on time-dependent density-functional
theory �TDDFT� and on absorption and phase matching, we
confirm the influence of collective excitations on enhance-
ment of HHG near SPR. We show that the enhancement of
HHG near SPR of C60 is independent of the pump laser
wavelength.

II. EXPERIMENTAL SETUP

Experiments were performed using the 10 Hz, 10 TW
beam line of the Canadian Advanced Laser Light Source at
the Institut National de la Recherche Scientifique. First,
plasma is created by focusing an ablation pulse �using a
spherical lens, 150 mm focal length� that was split from the
uncompressed Ti:sapphire laser �pulse duration t=210 ps,
wavelength �=793 nm� on to a target placed in vacuum.
The size of the ablation beam on the target was maintained
between 0.5 and 0.8 mm. The intensity of the subnanosecond
ablation pulse �Ipp� on the target surface was varied between
2�109 to 3�1010 W cm−2. After some delay, the femtosec-
ond driving pulse �E=8–25 mJ, t=35 fs, �=793 nm cen-
tral wavelength, 35 nm FWHM� was focused on the plasma
from the orthogonal direction using an MgF2 plano-convex
lens �f /15, f =680 mm�. The distance of driving beam from
the target surface was maintained between 50 to 150 �m.
Our experiments were performed with femtosecond main
pulse intensities of up to Ifp=7�1014 W cm−2, above which
the HHG efficiency considerably decreased due to impeding*rashid_ganeev@mail.ru

PHYSICAL REVIEW A 80, 043808 �2009�

1050-2947/2009/80�4�/043808�8� ©2009 The American Physical Society043808-1

http://dx.doi.org/10.1103/PhysRevA.80.043808


effects in the laser plasma, such as increase in free-electron
density, self-defocusing, and phase mismatch between the
fundamental and harmonic waves. We also used the second
harmonic of our laser as the HHG driving pulse. For these
purposes, the 793 nm laser was frequency doubled in a 1 mm
thick, type I KDP crystal before focusing on the plasma
plume. During these experiments, the 396 nm pump was
selected using UV filters. The high-order harmonics were
spectrally dispersed by an xuv spectrometer with a flat-field
grating �1200 lines/mm, Hitachi�. The xuv spectrum was
then detected by a microchannel plate and finally recorded
using a charge-coupled device. Details of the experimental
setup can be found elsewhere �16�. The targets used in these
studies were a few-�m thick C60 films deposited on a glass
substrate. Other targets investigated for the purpose of com-
parison were bulk carbon, manganese, and chromium.

III. RESULTS AND DISCUSSION

A. Influence of various experimental parameters on the HHG
efficiency in fullerene plasma

In our previous studies on HHG in ablation plume of
fullerene-rich targets �15�, we have shown that �i� harmonics
lying in the spectral range of SPR in C60 �20 eV� are en-
hanced, �ii� the harmonic yields are larger by a factor of
20–25 for 13th harmonic compared to those generated from
carbon-monomer-rich plasma, and �iii� the harmonic cutoff
in C60 is lower �19th order� than carbon but extends beyond
the value �11th order� predicted by the three-step model. In
the present work, we were able to improve the experimental
conditions for producing ablation plume, and the laser inter-
action resulted in extension of the harmonic cutoff in C60 up
to the 25th order, as shown in Fig. 1.

Figure 1 also shows harmonic spectra in C60 for different
delays between the ablation pulse and driving pulse. HHG by
ablation of bulk materials is greatly influenced by the tem-
poral delay between the ablation pulse and driving pulse, as
it alters the atomic density and plasma length in the interac-
tion region. To study its influence, we varied the delay from
18 ns to approximately 100 ns. Our measurements showed
no significant changes in the harmonic intensities in C60 �see
Figs. 1�a� and 1�b�� for delays of 22 ns and 63 ns. Overall,
the two delays produce approximately equal harmonic inten-
sity, with some twofold increase in harmonic efficiency for
the shorter delay.

However, for bulk targets such as C, Cr, and Mn, no har-
monics were observed in their plasmas when we used very
short delays ��6 ns�, contrary to the case of C60. This can
be attributed to the nonoptimal plasma conditions since it
requires time for the plasma to ablate on the bulk surface and
expand into the area where the femtosecond beam interacts
with the plasma. This can also be inferred from the lower
ablation pulse intensity �Ipp�2�109 W cm−2� needed for
HHG from C60-rich target, compared with that needed for
bulk targets �Ipp�1010 W cm−2�. We postulate that short de-
lays lead to more favorable evaporation conditions and
higher particle density for the cluster-rich medium compared
with the monoatomic medium, thus resulting in a higher har-
monic yield. In most cases of 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 ten-
dency, where one can obtain effective HHG for shorter de-
lays. The optimization is related with the presence of appro-
priate amount of particles at the area of fundamental laser
focusing, which depends on the propagation velocity of the
plasma front �see also our reply to the first remark of ref-
eree�. For C60, one can expect the optimization of HHG at
longer delays due to the larger weight of the fullerene par-
ticles. However, one has to admit the possibility of the pres-
ence of the fragments of C60 in the plume, in which case, the
density of the medium in the area of interaction with laser
pulse becomes sufficient even for shorter delays.

An interesting feature of the fullerene harmonic spectra is
that the spectral width is about three to four times broader
compared with those generated in monoatom-rich plasmas
�1.2 nm and 0.3 nm FWHM, respectively�. For comparison,
Fig. 1�c� shows the harmonic spectra from ablation of Cr.
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 harmon-
ic’s bandwidth. The variation in harmonic bandwidth with
delay can be explained by the higher density of the fullerene
plasma for the longer delay and consequently stronger self-
phase modulation of the fundamental radiation followed by
broader width of harmonics. Another reason is the appear-
ance of a larger plasma volume at longer delay, resulting in
the femtosecond driving laser to propagate over a longer dis-
tance.

The intensities of the ablation pulse and driving pulse are
crucial for optimizing the HHG from C60. Increasing the in-
tensity of the driving pulse did not lead to an extension of the
cutoff for the fullerene plume, which is a sign of HHG satu-

FIG. 1. �Color online� Harmonic generation observed in C60

plasma at �a� 22 ns and �b� 63 ns delays between the ablation pulse
and driving pulse and �c� in chromium plasma.
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ration in the medium. Moreover, at relatively high femtosec-
ond laser intensities, we observed a decrease in the harmonic
output, which can be ascribed to phase mismatch as a result
of higher free-electron density. A similar phenomenon is ob-
served when the ablation pulse intensity on the surface of
fullerene-rich targets is increased above the optimal value for
harmonic generation. This reduction in harmonic intensity
can be attributed to phenomena such as the fragmentation of
fullerenes, an increase in free-electron density, and self-
defocusing. At relatively strong ablation intensity for
fullerene film �Ipp�1�1010 W cm−2�, we observed only the
plasma spectrum, without any sign of harmonics as shown in
Fig. 2�a�.

The xuv spectra emitted by the plasma created in a vapor
of C60 molecules have been studied by Wülker et al. �17�.
Although the experimental conditions are different, the
plasma emission spectra are comparable to that shown in
Fig. 2�a�. The spectra show multiple transitions in the range
of 18–26 nm associated with ionized fragments of C60 �in
particular from the C3+–C5+� together with the transitions
near 38 and 54 nm. Contrary to fullerene plasma spectrum,
carbon plasma spectrum at these conditions showed ionic
transitions only from lower-charged ions as shown in Fig.
2�b�. The origin of this difference was attributed to multi-
electron dissociative ionization of molecules as a complex
dynamic sequence of events.

The stability of C60 molecules to ionization and fragmen-
tation 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 ablation pulse intensity
is a very sensitive parameter. At lower intensities the concen-
tration 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 frag-
mentation processes and is known to survive even in intense
laser fields, which can be attributed to large number of inter-
nal degrees of freedom that leads to the fast diffusion of the
excitation energy �18,19�. At 796 nm, multiphoton ionization
is the dominant mechanism leading to the ionization of C60
in a strong laser field. The collective motion of � electrons
of C60 can be excited by multiphoton process. Since the laser
frequency is much smaller than the resonance frequency of �
electrons, barrier suppression and multiphoton ionization are
the dominant mechanisms leading to the ionization in a
strong laser field.

Another important parameter that affects the stability of
HHG process is the thickness of the fullerene target. We
obtained stable harmonic generation with low shot-to-shot
variation in harmonic intensity by moving the fullerene film
deposited on the glass substrate after several laser shots. This
avoids decrease in the fullerene density due to ablation of the
thin film. The number of laser shots at the same target posi-
tion that resulted in stable harmonic emission decreased
drastically with the film thickness. For example, in a 10-�m
film, the harmonic emission disappeared after 70–90 shots,
as shown in Fig. 3, whereas in a 2-�m film the number of
laser shots is reduced to 5–7. Like other experiments on
HHG, we have also observed the influence of aperture size
on the harmonic yield due to better phase matching condi-
tions for some groups of harmonic orders.

To understand the origin of the harmonic emission in C60,
we investigated its dependence on the polarization of the
driving pulse. This also enables to differentiate the plasma
emission from the HHG process. HHG is highly sensitive to
laser polarization since the trajectories of the recolliding
electrons are altered significantly, thereby inhibiting the re-
combination process. We observed the harmonic signal to
drop rapidly and disappear with ellipticity of the laser polar-
ization. Figure 4 shows the HHG spectra for linear and cir-
cular polarizations. For circular polarization, as expected, the

(b)

(a)

FIG. 2. �Color online� Plasma spectra of laser-ablated �a� C60

film and �b� C bulk target observed at high ablation pulse intensity
�Ipp=2�1010 W cm−2�.

FIG. 3. �Color online� Variation in harmonic spectra after dif-
ferent number of laser shots on the same target position in the case
of a 10-�m film.
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harmonic emission disappears and the resulting background
spectrum corresponds to the plasma emission �see Fig. 2�.

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 the HHG
using the second harmonic �396 nm, 4 mJ, 35 fs� of the
driving pulse �793 nm, 30 mJ�. The relatively low second-
harmonic conversion efficiency did not allow us to achieve
the laser intensities attained with the 793 nm fundamental
laser. As a result, we were able to generate harmonics up to
the ninth order of the 396 nm driving pulse, while simulta-
neously generating harmonics using the 793 nm laser. The
harmonic generation using two driving pulses �793 nm and
396 nm� did not interfere with each other, since the two
HHG processes occurred in different regions of the laser
plasma, due to different focal positions of these two beams
��2 mm in the Z axis and �0.2 mm in the X axis�. Here,
the Z axis is the axis of propagation of the driving beam, and
the X axis is the axis perpendicular to the Z axis. This axis is
defined by the walk-off direction of the second harmonic
with respect to the fundamental driving pulse.

Figure 5�a� shows the HHG spectrum from C60 fullerene
optimized for the second harmonic driving pulse. The energy
of the second harmonic is ��1 /7�-th of fundamental. One
can see the enhancement of the seventh harmonic �which is
within the range of the SPR of C60� compared with the fifth
harmonic. This behavior is similar to that observed for the
793 nm driving pulse. For comparison, we present in Fig.
5�b� the optimized harmonics generated using the 396 nm
radiation and the weak harmonics from the 793 nm radiation
in manganese plasma. One can see a decrease in harmonic
intensity from the Mn plume for each subsequent order,
which is a common case, when one uses a nonlinear optical
medium containing atomic or ionic particles. These studies
confirmed that, independent of the driving pulse wavelength,
the harmonics near SPR in C60 are always enhanced.

We did not measure the absolute value of the harmonic
conversion efficiency in the plateau range. However, by us-
ing a calibration technique for harmonics from silver plasma

�2�, we estimate the efficiency of the 13th harmonic from
fullerene plume to be above 10−5.

B. Simulations of harmonic spectra

To understand the influence of the absorptive properties of
surface plasmon resonance on the harmonic emission spec-
trum in C60, we simulated the emission spectrum using ap-
proximately identical experimental parameters. The effi-
ciency of the HHG process can be understood in terms of
three length parameters. For optimum HHG, the length of the
nonlinear medium Lmed should be �a� larger than the coher-
ence length Lcoh=� /�k, which is defined by the phase mis-
match between the fundamental and harmonic fields ��k
=kq−qk0, where kq and k0 are the harmonic and fundamental
wave vectors, respectively� and depends on density and ion-
ization conditions, and �b� smaller than the absorption length
of the medium Labs=1 /��, where � is the atomic density and
� is the ionization cross section. When propagating through
a medium, the wave vector of light with vacuum wavelength
� is given by

k =
2�ng���

�
�1�

with the index of refraction, ng=1+ P	���, with pressure, P,
in atmospheres and a suitable gas dispersion function, 	���.
In general, empirical relationships are difficult to deduce at
wavelengths shorter than the ultraviolet, although calculated
data can be incorporated.

For sufficiently large laser intensities, partial ionization of
the gas medium occurs, resulting in a modified index of re-
fraction.

ng = 1 + �1 − 
�P	��� + �1 − 
�n2I − 
PNatmre�
2/2� , �2�

where Natm is the number density at atmosphere pressure, 

is the ionization fraction, and re is the classical radius of an

FIG. 4. �Color online� Harmonic spectra obtained in C60-rich
plasma, for linearly �upper curve� and circularly �bottom curve�
polarized driving laser.

FIG. 5. �Color online� Harmonic spectra from �a� C60 and �b�
Mn plasma, when both the 793 nm and 396 nm pulses were simul-
taneously focused on the laser-produced plasma.
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electron. The nonlinear index of refraction, n2, is sufficiently
small at this intensity that we will not consider it further. We
have assumed an ionization fraction of 
=0.5 for both car-
bon and C60.

The phase mismatch between the fundamental and the qth
harmonic can then be written,

�k = 
PNatmre�q�0 − �q� −
2��1 − 
�P

�q
�	��0� − 	��q�� .

�3�

The number of photons in the qth harmonic per unit time and
area emitted on-axis is proportional to

Nout � �2Aq
2 4�2Labs

2

1 + 4�2�Labs
2 /Lcoh

2 �
�1 + exp�−

Lmed

Labs
�

− 2 cos��Lmed

Lcoh
�exp�−

Lmed

2Labs
�	 , �4�

where Aq is the amplitude of the atomic response approxi-
mated to be �1−
�I3, where I is the laser intensity �20�.

The photoionization cross section of C60 is well known,
both experimentally and theoretically. It exhibits 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 �5�1016 cm−3� and the
known photoionization cross sections. The absorption length
varies from 0.8 mm �for the seventh and 17th harmonics� to
0.3 mm �for the 11th, 13th, and 15th harmonics�, indicating
that harmonics in the region of the plasmon resonance should
be more strongly absorbed in the medium �whose length is
estimated to be about 0.8–1 mm�.

Due to this increased absorption in C60, we expect a dip in
the harmonic spectrum for the 11th–15th harmonics. Our cal-
culations also indicate that harmonics produced in carbon
vapor are not absorbed by the nonlinear medium. With an
assumed medium length of 1 mm, theoretical spectra are
obtained by inserting the appropriate wavelength-dependent
index of refraction and dispersion data into Eqs. �3� and �4�.
For carbon, the index of refraction data was taken from �21�
while the photoabsorption cross-section data was taken from
�22�. For C60, the photoabsorption cross-section data was
taken from �23�. As we did not have access to reliable index
of refraction data for C60, we have simply used a
wavelength-dependent index of refraction that scales with
the photoabsorption cross section.

Figure 6 shows the calculated harmonic spectra for C60
and carbon plasmas by considering only absorption �squares
and circles, respectively� and by including both absorption
and dispersion �up and down triangles, respectively�. In car-
bon vapor, the influence of absorption on the harmonic yield
is negligible and as a result the overall harmonic spectrum is
determined by dispersion. The harmonic yield decreases with
increasing order as it becomes difficult to phase match higher
orders.

In C60, absorption of harmonics by the nonlinear medium
is dominant due to large photoabsorption cross sections. The
effect of dispersion seems to only lower the HHG efficiency

but does not affect the overall shape of the spectrum. As a
result one expects the harmonic yield to decrease consider-
ably 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 considerable enhancement of
these harmonics in the fullerene-rich plume �Figs. 1, 3, and
4�. This is a signature of multielectron dynamics in a com-
plex molecule such as C60 and has no atomic analog.

To understand the origin of enhancement of harmonic
yield near SPR, we theoretically investigated the interaction
of monatomic carbon and fullerene C60 molecule with a
strong laser pulse by means of the TDDFT �24�. In the TD-
DFT approach, the many-body time-dependent wave func-
tion is replaced by the time-dependent density n�r , t�, which
is a simple function of the three-dimensional vector r. n�r , t�
is obtained with the help of a fictitious system of noninter-
acting electrons by solving the time-dependent Kohn-Sham
equations,

i
�

�t
�i�r,t� = �−

�2

2
+ 
KS�r,t�	�i�r,t� . �5�

These are one-particle equations, so it is possible to treat
large systems such as fullerenes. The density of the interact-
ing system is obtained from the time-dependent Kohn-Sham
orbitals,

n�r,t� = 

i

occ

��i�r,t��2, �6�


KS�r,t� = 
ext�r,t� + 
Hartree�r,t� + 
xc�r,t� . �7�

Here 
ext�r , t� is the external potential �laser field�,

Hartree�r , t� accounts for the classical electrostatic interaction
between the electrons,

FIG. 6. �Color online� The theoretical harmonic spectrum for
C60, considering absorption only �squares� and a combination of
absorption and dispersion �upward triangles�. When dispersion is
included, the predicted harmonic signal is quite small. The spectra
for carbon are included for comparison. Identical results are ob-
tained when using the absorption only model �circles� and absorp-
tion and dispersion �downward triangles�.
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Hartree�r,t� =� d3r�
n�r,t�
�r − r��

. �8�

We treated the exchange and correlation within the so-
called adiabatic local density approximation �ALDA� assum-
ing that the potential is the time-independent xc potential
evaluated at the time-dependent density,


xc
adiabatic�r,t� = 
̃xc�n��r��n=n�t�. �9�

For all calculations we used the OCTOPUS code �25� with
norm-conserving nonlocal Troullier-Martins pseudopoten-
tials �26�, Slater exchange, Perdew and Zunger correlation
functionals �27�, and grid spacing of 0.6 Å for parallelepi-
ped box of 8�8�60 Å. Figure 7 shows the time-dependent
dipoles resulting from the interaction of neutral monatomic
carbon and C60 molecule that is polarized in the X-axis di-
rection parallel to the polarization direction of the electro-
magnetic wave with photon energy of 1.5 eV and maximum
intensity of 4.8�1014 W cm−2 during 30 fs. The time step of
the integration was 0.001 fs. The ions were treated as static,
and the fragmentation of C60 molecule was not investigated.
The geometry of C60 fullerene was obtained with the PC-

GAMESS package �28–30�. PCGAMESS is an ab initio quantum
chemistry software package, which was used to obtain the
coordinates of the carbon atoms in the C60 molecule. One
can see from Fig. 7 that, for a C60 molecule, the maximum
dipole is 4 times larger than in monatomic carbon, which
corresponds to a 16-fold enhancement of the nonlinear opti-
cal response of the generated harmonic field. In both cases
the time-dependent dipole is fading. Since we use nonfading
wave, the only reason for this is the ionization, which makes
any contributions beyond 20 fs negligible.

We analyzed the relative harmonic intensities calculated
for C60 and carbon �Fig. 8�. A significant increase in HHG
efficiency for C60 molecule can be attributed to additional
oscillation of the time-dependent dipole in the C60 molecule.
This can be a sign of an induced collective plasmonlike re-
sponse of the molecule to external field. At the same time the
cutoff for the carbon atom is higher than that for a fullerene
molecule. The treatment of very high harmonics with ALDA

can become inaccurate because this approximation suffers
from an exponential cutoff of the exchange and correlation
potential. The effects of correlation for lower harmonics are
nevertheless conserved, so a collective oscillation can be re-
sponsible for the relative increase in the time-dependent di-
pole and, respectively, HHG conversion efficiency observed
in plasma of fullerene molecules.

The software used in these HHG investigations is a real-
time real-space method, which means any wave function
must be presented on a numerical grid, that is, only in certain
points in real space. As the computational effort grows
strongly with the number of grid points, the grid �points,
where the wave function of a system is presented� was cho-
sen so that the maximum harmonic energy could be not
greater than the cutoff observed. In addition, we are in gen-
eral not sure whether the remaining high-energy part is not
simply artifacts and noises from discrete Fourier transforms.
So these cutoff positions should be considered with care. All
the data on HHG presented are also not simple density-
functional theory-based calculations but a filtered variant of
this chosen in assumption that some �not all� Gauss-
broadened multiplets of main radiation should be presented
in the spectrum. As the spectrum itself is based on the
density-functional theory, it also suffers from the problems
of density functions for finite intervals. Namely, to resolve a
10−6 of the pump’s intensity for a perfect sine pulse super-
position, we need at least 15 periods of it. No one can ex-
actly say what happens if we consider less time intervals and
intensities. In general, this computation suffers from numeri-
cal inaccuracies.

Below we address the mechanism of plasma formation
above the target surface. The creation of nonlinear medium
above the target surface is not based on the simple heating of
the target surface and steady-state processes of melting,
evaporation, and spreading of the particles with the velocities
defined from the thermodynamic relations. This relation re-
fers to cw heating. In this case the velocity of the C60 mol-
ecule at 1000 K is in the range of 1.5�102 m s−1. During
the first few nanoseconds ��10 ns� the fullerene molecules
will move only 1.5 �m above the surface. If one assumes
that plasma creation by short laser pulse is defined by this

FIG. 7. �Color online� Calculated time-dependent dipoles of C60

and carbon monoatom.
FIG. 8. �Color online� Calculated relative intensities of harmon-

ics generated from neutral carbon monoatom and C60 fullerene
molecule.
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slow process, then no harmonics at all should be observed in
such experimental configuration for any target. For example,
laser ablation of silver creates very efficient “nonlinear”
plasma, which allows generating extremely strong high har-
monics when the femtosecond pulse propagates 100 �m
above the target surface. The same can be said about any
other targets, which was documented in multiple studies dur-
ing last decade �see for example �2,31,32��. However, when
one uses the above relation, the velocity of Ag neutral atoms
and ions can be about 5.5�102 m s−1. During the first 30 ns
they travel only 16 �m away from the target surface, which
is quite insufficient to reach the axis of the driving pulse.

This contradiction is explained by another model of cre-
ation of the cloud of particles, namely, plasma explosion dur-
ing ablation of the targets. The dynamics of plasma front
propagation during laser ablation is studied by few groups
�for example �33�, and references therein�. The dynamics of
plasma formation and spreading can be analyzed by the
shadowgram technique. The radiation intensity used in this
technique can be varied in a wide range �from 106 to
1019 W cm−2�. Numerical analysis of the generation of such
plasmas for the case of single-pulse interaction with the tar-
get surface was performed in �34�. Previously, the dynamics
of the spatial characteristics of laser plasmas generated from
B and Mo targets, measured using the shadowgraphs of the
plasma blocks, was reported in �35�. For heavy targets �Mo�,
the plasma front spreads with the velocity of 6�104 m s−1.
For example, the plasma front reaches 130 �m distance
from the target after few nanoseconds �not few hundreds ns,
as is estimated if we assume steady-state expansion of the
plasma particle cloud�. Obviously, the formation of “opti-
mal” plasma is not restricted by appearance of the plasma
front in the area of femtosecond pulse. One can wait until the
density of the particles becomes sufficient for efficient HHG,
while the free-electron concentration remains below the level
when the impeding processes prevail over the harmonic gen-
eration.

We do not insist that, at initial stages of plasma front
formation and propagation through the area of propagation
of the femtosecond radiation, the components of plasma con-
sist only on the intact fullerenes. To make such a conclusion
one should analyze the plasma dynamics using the time-of-
flight spectroscopy. However, the above explanation seems
reasonable to admit that the ability of particles to be at the
right time on the right place is based on the fast processes of
plasma explosion rather than slow steady-state process of
target heating.

The higher harmonic yield in a highly polarizable mol-
ecule like C60 compared to an atom could simply be due to
enhanced recombination cross sections resulting from its
larger spatial extent. Also the delocalized electron distribu-
tion can lead to large induced dipole as shown above. The
harmonic efficiency depends on the square of the dipole ma-
trix. While these explain higher harmonic yield in C60 in
general they do provide insight into why only harmonics
near SPR are enhanced.

Higher cutoff observed in our experiments could be due to
�i� the contribution of C60 ions to HHG process—laser abla-
tion at prepulse intensities used in the experiment is known

to lead to soft ionization identical to matrix-assisted laser
desorption/ionization—and �ii� multiphoton excitation of
surface plasmon �20 eV� by the incident laser field �1.55 eV�.
If ionization starts from a plasmon state and the electron
returns to the ground state upon recombination, the plasmon
energy is converted into photon energy extending the cutoff
�36�. �iii� Recombination into orbitals, other than the highest
occupied molecular orbital of C60, with higher ionization po-
tentials �37� can result in extension of cutoff.

High harmonics in C60 or in any complex multielectron
system will have two contributions—the usual harmonics
generation process and the physical mechanisms that lead to
enhancement of harmonics �9th–15th in C60� around the fre-
quencies at which the system displays collective electron os-
cillations �20 eV in C60 with �10 eV FWHM�. Plasmon
excitation under two different scenarios can lead to enhance-
ment of high harmonics. �i� The recolliding electron excites
the plasmon upon recombination, which then decays by
emitting photons. This leads to enhancement of the harmon-
ics in the vicinity of plasmon resonance �37�. Such a mecha-
nism would be wavelength dependent. It was shown that at
longer wavelengths the HHG spectrum resembles that of
atomic systems. �ii� The laser field directly excites the sur-
face plasmon through multiphoton process, which then de-
cays back by emitting high-energy photons �36�. Similar
bound-bound transitions were theoretically shown to exist
�38� in C60. Such a mechanism will be independent of recol-
lision process and can be revealed by ellipticity measure-
ments. Recent theoretical calculations of the HHG in C60
using a simple analytical theory, which predicts that the
recollision-induced excitation of collective modes should
dominate over the “usual” harmonic generation yield at 800
nm wavelength, have confirmed the observed growth of har-
monic yield in the vicinity of their SPR �31�. Further studies
on isolated C60 molecules should shed light on the mecha-
nisms responsible for enhancements of the harmonic yield.

IV. CONCLUSIONS

We presented results of systematic studies of the HHG in
C60-rich laser plasma. We analyzed the harmonics at differ-
ent delays between the ablation pulse and driving pulse. We
also studied the HHG at various divergence and polarization
conditions of the driving laser. We further investigated the
enhancement of the harmonic yield near 20 eV and showed
that this process is attributed to the influence of a broadband
plasmon resonance of C60 on the nonlinear optical response
of fullerene-rich plasma. This intensity enhancement of
fullerene harmonics is distinct, since absorption by C60 in
this wavelength range should be pronounced. We compared
the HHG using both the fullerene-rich plumes and different
single-atom plasma species. These studies showed a signifi-
cant broadening of harmonic lines for C60-rich plasma, and
confirmed a greater than ten-fold enhancement of harmonic
yield in the fullerenes, compared with the monoatomic media
under equivalent experimental conditions. Simulations using
time-dependent density-functional theory confirmed the in-
fluence of collective excitations on this effect. Comparison
of harmonic generation in fullerenes using 793 nm and 396
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nm pulses showed the enhancement of high-order harmonics
of both these driving pulses near the C60 SPR. These studies
have shown that C60 is not only a promising material for
HHG, but may also present an opportunity to develop HHG
into a tool to probe electronic structure.
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