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Noble Gas Clusters and Nanoplasmas in High Harmonic Generation
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We report a study of high harmonic generation from noble gas clusters of xenon atoms in a gas
jet. Harmonic spectra were investigated as a function of backing pressure, showing spectral shifts
due to the nanoplasma electrons in the clusters. At certain value of laser intensity this process
may oppose the effect of the well-known ionization-induced blueshift. In addition, these cluster-
induced harmonic redshifts may give the possibility to estimate cluster density and cluster size in

the laser-gas jet interaction range.
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I. INTRODUCTION

High harmonic generation (HHG) is a promising source
for the production of extreme ultraviolet, coherent ra-
diaton in the subfemtosecond pulse duration range for
decades [II, 2]. The most prevalent method is the use of
atomic noble gases as targets. Besides atomic gases other
types of media were used as well in order to increase the
efficiency, i.e. molecular gases, different types of clusters
and nanostructures. Noble gas clusters are possible can-
didates. They consist of Van der Waals bonded clumps
of atoms, most often argon, krypton or xenon and they
are feasible effective HHG sources [3] 4].

However the applicable highest laser intensity has an
upper limit even for clusters in HHG process due to the
ionization. In addition, the enhancement of the harmonic
yield is observed only in a limited range of the cluster size
[B]. On the other hand HHG spectra may give a possi-
bility for the investigation of the nanoplasma dynamics
and it can be a diagnostic tool for the study of internal
cluster structure.

HHG from neutral atoms is described by the 3-step
model [I] in which first the electrons are tunneling out
of the atom, then they are gaining energy from the laser
field. When the electric field changes sign, they return
to the atoms and radiate the gained energy. In case of
clusters the phenomenon is more complicated as the elec-
trons may also return to a neighbor atom or simply to the
cluster. Ruf et al. [6] suggests a wave function partially
delocalized over the whole cluster, to which electrons re-
combine coherently after tunnel ionization.

Our experiments were carried out using different no-
ble gases for harmonics generation. In helium there is
practically no cluster, xenon is the best gas for cluster-
ing, while argon is an intermediate case depending on
the pressure. In the case of cluster HHG the intensity
of harmonics shows a very nonlinear, steep scaling with
increasing laser intensity [3, 4] and increasing backing
pressure [4] as compared with HHG intensity from atomic
medium. We observed [7] the steep increase of harmon-
ics intensity with increasing pressure as a signature of
clusters. This is in agreement with preliminary Rayleigh-
scattering measurements.

Spectral shifts were detected in the HHG spectra de-

pending on the laser intensity and the backing pressure
[8]. With increasing laser intensity a frequency blueshift
can be observed in the harmonics spectra both for atomic
[9] and clustering gas [7], caused by the self-phase modu-
lation of the propagating laser pulse. It offers the possi-
bility to generate a continuously tuneable coherent XUV
source.

At modest laser intensity however we identified a fre-
quency shift with an opposite sign, i.e. an increasing
redshift appeared with increasing backing pressure [7].
In this case there are not so many free electrons in the
interaction range but nanoplasmas of increasing size with
increasing pressure may produce a redshift. The object of
the present study is the investigation of noble gas cluster
effects to the HHG process, namely the spectral redshifts
of harmonics and their possible application for cluster
size and density estimations.

II. EXPERIMENTAL APPARATUS

We used a Ti:sapphire laser system which delivers 4 mJ
pulse energy and 40 fs (FWHM) pulse duration centered
at a wavelength of 805 nm at 1 kHz repetition rate with
an initial beam diameter of 9 mm (1/e?). The linearly
polarized laser beam was focused into the vacuum cham-
ber using a plano-convex spherical lens of 30 cm focal
length.

Gas jet targets were generated [7), [10] using a com-
mercial valve (Parker series 9) with an additional nozzle
which was characterized earlier using X-ray radiography
to determine particle density for different pressures [I1].
In our case the backing pressure Py could be varied be-
tween 1 and 12 bar. The valve had an orifice of 0.99
mm diameter and in the experiments it was opened for
1 ms duration. The nozzle had a diameter of 650 pm.
The experiments were carried out at room temperature
in xenon gas in which it is easy to generate relatively
large clusters. Note that argon results in about an order
of magnitude smaller clusters compared with xenon.

The frequency components of the high harmonic beam
were spatially separated by a toroidal holographic grat-
ing (Jobin Yvon, 550 lines mm~!). The detector was a
microchannel plate (MCP) with a phosphor screen which



transforms the vacuum-ultraviolet (VUV) radiation into
visible light and the screen was imaged onto a CCD de-
tector (PCO Pixelfly).

The center of the incident beam was blocked by a beam
stop before the focusing optics, and in front of the grating
there was an aperture to suppress the remaining of the
fundamental beam [I2]. We obtained single shot spectra
with a resolution of 0.4 nm. For comparison we chose the
25-60 nm wavelength range.

The distance between nozzle exit and laser beam axis
was about 1 mm and the focal plane was ~ 10 mm in front
of the nozzle exit (which means ~ 7-10'® W /cm? laser
intensity in the gas), i.e. the target was in the diverging
beam, which preferred the short trajectory at the expense
of long ones in the harmonic emission [I3]. In earlier
experiments the intensity was varied by moving the focal
plane relative to the nozzle [7]. In the present series it was
chosen to demonstrate the nanoplasma-caused redshift
of the harmonic lines. In our arrangement the spatial
filtering by the aperture preferred the short trajectories,
too.

III. RESULTS

Intensity dependence of high harmonics intensity is il-
lustrated in Fig. [1| for the example of 19w in helium and
in xenon. In the case of helium a week increase with
intensity is seen which saturates above 2 x 10 W /cm?
intensity, i.e. when ionization of helium deteriorates the
phase matching. Clearly, helium stays in atomic state
even for the 12 bar pressure in Fig. [I} In contrast, xenon
builds clusters easier [14] and the steep increase of har-
monic intensity is a typical feature of cluster building [3].
On the other hand due to the lower ionization potential
of xenon this sharp increase starts to saturate earlier, at
~ 1.5 x 10" W /cm? intensity, above which even a de-
crease of efficiency can be seen. In the case of the satu-
ration regime we observed earlier a blueshift of the har-
monic lines [7] as a consequence of the phase shift caused
by the free electrons in the range of interaction. The
appropriate intensity range for studying the nanoplas-
mas in the clusters is the low-intensity range in xenon, in
which case the pressure dependent redshift has been ob-
served as a signature of nanoplasmas. Therefore we car-
ried out experiments at relatively low, 7 x 10'* W /cm?
laser intensity, in which case the number of free electrons
is low in the medium but they are possibly present in the
nanoplasmas. The spectral shift was determined for each
harmonic order in dependence on the pressure. This shift
can reach A)\,/\, > 1072 at 12 bar. At 2 bar backing
pressure clusters are already present in xenon, therefore
we extrapolated the zero redshift for zero pressure.

Using the measured redshift we can carry out clus-
ter density and size estimations in xenon based on this
nanoplasma effect.

In Fig. 2] we can see the fractional redshifts of different
harmonics (21w —29w). It can be seen that the increase
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FIG. 1. Measured harmonic yield of the 19 w depending on the
peak laser intensity for Py = 12 bar in xenon and in helium.
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FIG. 2. Measured fractional spectral shifts AXs/A; depending
on the backing pressure Py for different ¢ harmonic orders at
7-10" W /cm? laser intensity in xenon.

of the redshift with pressure starts to saturate above 8
bar. This may partly be caused by the free electron den-
sity which also grows with increasing pressure.

The redshift dependence on the harmonic orders was
investigated as well (shown in Fig. [3]), and it was found
that AX/X increases with increasing harmonic order in
case of constant pressure and intensity. It is illustrated
by the open circles and the left scale in Fig. 3] In the
following section we are going to compare this AA/A with
the one obtained from the nanoplasma model.
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FIG. 3. Measured fractional spectral shift A\;/A; depending
on the q harmonic order for P, = 12 bar in xenon (open
circles). Calculated ANg/Aq according to Eq. [2] with r¢q =
12.4 nm and ng = 10 cm™3 (solid line). Calculated cluster
density from the measured A\,/\, values according to Eq.
(solid circles).

IV. DISCUSSION

The general phase matching condition for the qth-
order harmonic is Ak, = k; — gk1 = 0, where k; is the
laser vacuum wavenumber, k4 is the harmonic wavenum-
ber. Nevertheless, Ak has several contributions in a
medium originated from the Gouy phase term, the term
of intensity dependent atomic dipole phase, and the dis-
persion term caused by the neutral gas and plasma dis-
persion. These contributions contribute with different
signs and weights to the phase matching - both for atomic
and cluster media - which should be minimal for effective
harmonic generation.

In cluster medium the plasma dispersion can be esti-
mated in the frame of nanoplasma model [I5]. Whereas
the blueshift of harmonics was explained [§] by the time-
dependent phase modulation of the fundamental beam,
this model is based on the dispersion relation for the
laser-cluster interaction, assuming static cluster param-
eters, i.e. based on phase mismatch during propaga-
tion. This model neglects the other contributions. As-
suming that clusters are dielectric spheres of r; radius
with p dipole moment, the linear susceptibility of the ion-
ized cluster medium can be calculated with the dielectric
function of the nanoplasma based on Drude model ig-
noring electron-ion collisions. Thus the refractive index
of nanoplasma medium for the w light frequency can be
written in the following form:
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where n. is the electron density in the cluster
nanoplasma, n.| is the cluster density in the laser field,
and nit is the critical electron density. Substituting Eq.
into the phase mismatch expression gives the phase
mismatch contribution of nanoplasmas:
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These results can be compared with the measured spec-
tral shift of harmonics as illustrated in Fig. 3] It can be
seen that whereas Eq. gives a near constant relative
wavelength shift as a function of harmonic orders, the ex-
periments show an increase of it. In order to make an es-
timation of the cluster parameters we chose first the 21st
order to compare. The dependence from electron density
is weak, therefore we chose to compare the experimen-
tally measured data with the function of AM;(ne,7al)
with an assumed n, = 10?3 cm~3. This is illustrated in
Fig. [ for 21w. Thus we can compare the experimentally
observed wavelength shift of a given harmonic order with
the calculations of possible values of cluster density and
the total cluster diameter.
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FIG. 4. The spectral shift A)\; dependence on the cluster
radius 7 and the cluster density ne at ¢ = 21st order from
the nanoplasma contribution according to Eq. in case of
ne = 10**ecm™ [I5]. The black color assigns the range of
parameters for 0.6 nm wavelength shift.

The number of atoms in a cluster, (Ng) = (ra/rv)>.
The Van der Waals radius r, is the bond distance be-
tween atoms in a cluster. Different values can be found
in the literature for xenon, e.g. according to A. Bondi
[16] 7, = 2.16 A, Boese et al. [I7] r, = 2.23 A, but
during the laser-cluster interaction clusters may expand,
and larger values were used in the theoretical paper of
Petrov et al. [I8], r, = 2.73 A.



At 12 bar a A)Xg; ~ 0.6 nm spectral redshift could be
observed in the case of 21st order. Note that the actually
measured redshift of 0.5 nm was the difference of the
harmonic line between 2 and 12 bar, whereas a numerical
extrapolation added an additional 0.1 nm between 2 and
0 bar backing pressure. The multiplicative factor in Eq.
12) r2na ~ natomrs. Thus (AX,/Ag) ~ NatomT, from
which the total atom density, naiom can be expressed.
We obtained for the measured 0.6 nm redshift an atomic
density of Nagom ~ 102° cm™3 density. We can compare
this value with the total gas density which was measured
by x-ray shadowgraphy earlier [IT] and which gave for the
atomic density at 12 bar, natom ~ 3 x 1012 cm™3. Our
present result is three times higher than therein, and it
is probably caused by the different applied valve which
was conical therein and flat in the present experiment.

The size of the clusters in a gas jet can be estimated
from the semi-empirical Hagena parameter as a guide-
line for the cluster size [14], too. The average number of
atoms in a cluster increases with increasing backing pres-
sure according to (Ng) ~ P23 however Dorchies et al.
[19] gave a different, ~ P1-® scaling law. We employ the
~ Pg-8 scaling which is in good agreement with the scal-
ing found in our Rayleigh-scattering measurement. Then
for 12 bar backing pressure we get (N.) ~ 10° and the
above-mentioned range of r, results in r¢ &~ 10 — 13nm
for the cluster radii. Now we can compare it with the
calculations shown in Fig. [d and it can be seen that the
corresponding cluster density is ~ 10'% cm ™2 as derived
from the measured redshift. Note that larger cluster ra-
dius corresponds to smaller cluster density according to
Fig. @l In Fig. B we also illustrate the estimated clus-
ter density values for different harmonic orders with the
solid circles and the right hand scale therein. The cluster
radius was assumed to be constant throughout these cal-
culations. It can be seen that although the model does
not explain the obtained dependence of the relative red-
shifts on the order of harmonics, this causes a less than
factor 2 error in the estimation of the cluster density, i.e.
it can be estimated as (1.15 & 0.55) x 10*® cm™3.

It is encouraging that the experimental data can be
interpreted using the nanoplasma model, and thus esti-
mations for the cluster size can be obtained. It must be
mentioned however that according to the model the wave-
length shift scales similarly to (Nea) with (AXg/Ag) ~
Pg-8. On the other hand however the measured pressure
dependence in Fig. [2]is different, showing a saturation
at high pressures, which is probably caused by the in-
creasing number of free electrons in the interaction range
at higher pressures. Additionally the measured (AX;/)\;)

increases with increasing harmonic order which is not ex-
pected from the calculations. Our result - although far
from being a full diagnostics - shows that spectral red-
shift of the high-harmonics can be used for measuring
the characteristics of nanoplasmas in clusters. For a full
understanding of these processes time-dependent model
for the nanoplasmas, together with the free electrons will
be needed.
V. CONCLUSIONS

The steep pressure-dependence and the intensity-
dependence of high harmonics gave already evidence of
the presence of clusters in the case of xenon with high
backing pressure. Additionally the observed redshift of
the harmonic lines at relatively low laser intensities gives
a nice demonstration of the existence of nanoplasmas in
the clusters. This effect is small and the explicit detec-
tion was possible for us only at certain values of laser
intensity and focus position, when the free electron den-
sity is low in the interaction domain. We showed that
measuring the spectral redshift of high harmonics gener-
ated in cluster target is an applicable diagnostic method
for measuring the properties of clusters.

We analyzed the obtained results by simple model cal-
culations which did not take into account any other fac-
tors than the nanoplasmas, but even in this case we
got a relative good agreement between experiment and
model calculations, and it is shown that harmonic spec-
tral shift can be used for an order of magnitude estima-
tion of cluster size, too. More detailed HHG experiments,
i.e. measurements at even lower intensities, and improv-
ing the quality of Rayleigh-scattering diagnostics is in
progress. Time-dependent simulations will be needed to
understand the observed detailed pressure- and harmonic
order dependence. Additionally using other clustering
gases would offer an alternative possibility to understand
these phenomena.
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