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We demonstrate the efficient generation of plasma waveguides in elongated cluster gas jets using 100 ps
axicon-generated Bessel beam pump pulses. The plasma waveguide space and time evolution is measured
using picosecond interferometry. Small radius waveguides with central densities as low as �1018 cm−3 can be
generated with this technique. Despite the expected subpicosecond cluster disassembly time, we observe long
pulse absorption efficiencies that can be more than a factor of 10 greater than in unclustered gas targets of the
same volume average atomic density. The maximum long pulse absorption observed in cluster jets under our
range of conditions was 35%. The explanation for the enhanced absorption is that in the far-leading edge of the
laser pulse, the volume of heated clusters evolves to a locally uniform and cool plasma already near ionization
saturation, which is then heated by the remainder of the pulse. From this perspective, the use of clustered gases
is equivalent to a supercharged preionization scheme for long duration laser pulses.
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I. INTRODUCTION

Optical guiding in plasmas is increasingly a component of
many experiments and applications involving ultraintense la-
ser pulses. The increased interaction length at high intensity
of an optically guided pulse is essential to applications, in-
cluding laser-driven electron accelerators �1,2�, nonlinear
short wavelength generation �3�, and soft x-ray amplification
�4�. Guiding has been demonstrated in plasmas produced by
electrical discharge in capillaries, both prefilled with gas �5�
and not �6�, in imploding Z pinches �7�, and by plasma struc-
tures generated through laser-driven nonequilibrium radial
shock waves in gas targets �8� and in variations of this tech-
nique �9,10�. In addition, short waveguides have been gener-
ated by ponderomotive force expulsion of electrons by rela-
tivistically self-guided pulses �11�. Most recently, highly
ionized waveguides have been generated in clustered gases,
with long waveguide plasmas generated through the plasma
evolution following the self-guiding and strong coupling �12�
of a pulse injected into the end of a long cluster gas jet �13�.
In that experiment, plasma waveguides were efficiently gen-
erated with millijoule level femtosecond pulses, which expe-
rienced absorptions up to 85%.

In this paper, we show that plasma waveguides can be
also generated in clustered gases by line focusing a much
longer duration laser pulse into an extended clustered gas jet.
Previously, the line-focus technique has been limited to heat-
ing unclustered backfill or gas jet targets with line-focused
pulses produced by axicons �Bessel beam heating� �8,10,14�
or by cylindrical lenses �9�, but pump absorption efficiency
in these targets is typically less than a few percent. For very
high backfill gas densities at atmospheric pressure and be-
yond ��3�1019 atoms/cm−3� absorption can be �10%, but
the resulting electron densities can be much too high for
some applications such as laser-driven resonant wakefield
acceleration �1�. As a special case for Bessel beams, there are
some pressure ranges in nonclustered gases where absorption
can be resonantly increased depending on axicon geometry,
pump laser intensity, pulsewidth, and wavelength �14�, but

absorption still remains below �15%, and the choice of tar-
get gas density is limited by the resonance condition.

In this paper we show that using clustered gas targets and
long 100 ps heating pulses, absorption can be nonresonantly
increased by as much as a factor of �10 compared to un-
clustered gases of the same volume average atomic density.
We measure maximum long pulse absorption of 35%, which
is only 2 to 3 times less than the absorption levels of femto-
second pulses. Using clustered gas targets and long pulse
irradiation, we can make small diameter plasma waveguides
with on-axis electron densities near 1018 cm−3, significantly
lower than with nonclustered targets. A 100 ps pulse appears
to be a surprisingly efficient heater of the cluster plasma,
despite the fact that individual clusters disassemble to below
critical density on a time scale of only a few hundred fem-
toseconds, and thus are expected to be strongly absorbing
only during that period �15�.

In unclustered gas, efficient collisional breakdown for
plasma waveguide generation requires high gas density N0
due to the early time exponential growth of electron density
Ne�t��Ne0 exp�SN0t� where Ne0 is the initial electron density
and S is the collisional ionization rate. Ne0 can be generated
by optical field ionization �OFI� �16� in the main heating
pulse, or through the use of a separate prepulse �9�. Alterna-
tively, it can be provided by an auxiliary electrical discharge
�10� in advance of a laser heater pulse.

In most practical cases, Ne0 constitutes only a very small
prefactor such that Zinit=Ne0 /N0�1, where Zinit is the initial
effective degree of ionization. Under these conditions, after
enough e-folding times of Ne growth, saturation begins and
the memory of Ne0 is lost, with N0 as the dominant factor in
determining the end condition �17,18�. The requirement for
large N0 results in typical minimum electron densities in
plasma waveguides, after radial hydrodynamic expansion,
higher than �5�1018 cm−3, which is not optimum for some
applications, most notably resonant laser wakefield accelera-
tion. For resonant excitation of wakefields, the goal is to
match the laser pulse width to the plasma period. For
50–100 fs pulses, typical of today’s high-power Ti:Sapphire
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laser systems, the desirable electron density is �1018 cm−3

or less �19�. Using clustered gas jet targets and 100 ps
axicon-focused Bessel beam pulses, we can achieve long,
efficiently generated plasma waveguides at such low densi-
ties. The use of clusters strongly increases the effective level
of preionization so that Zinit�1. Since further growth in ion-
ization over most of the laser envelope starts near saturation,
sensitivity to Ne0 is no longer lost. This is discussed in more
detail in Sec. IV.

The clusters in our experiment are assemblies of �103 to
107 atoms held together by mutually induced polarization
forces, or van der Waals bonding �20�. Such inter-atom
forces become significant under sufficient gas cooling. In our
experiment, the cooling and collision processes leading to
cluster formation occur when high-pressure gas adiabatically
expands into vacuum through a supersonic nozzle. Typical
cluster radii a are in the range �10–100 Å such that ka
�1, where k is the laser vacuum wave number. For greater
numbers of atoms and larger values of a such that the assem-
bly size approaches the laser wavelength, the convention has
been to use the term droplet rather than cluster.

II. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup. Cluster jets were
produced using a pulsed valve and a slot nozzle with an exit
orifice of dimension 0.5 mm by 1.2 cm. High valve backing
pressures and low temperatures favor the formation of larger
clusters. The pulsed valve body is encased in a liquid
nitrogen-cooled copper jacket so that the pre-expansion gas
can be cooled as low as −120 °C. Valve backing pressure
and temperature ranged from 150 to 1200 psi and 150 K to
room temperature. The valve temperature was finely con-

trolled to within ±0.2 K of any set point in this temperature
range by two solid-state cartridge heaters encased in the cop-
per jacket, which operate in tandem with the liquid nitrogen
cooling �21�. The density of the clusters in our jet occupies a
wide range �1012–1017 clusters/cm3, and the volume-
average electron density after heating by a laser pulse and
subsequent cluster plasma expansion can be in the range
1016–1020 cm−3. This density control is achieved by control-
ling the cluster size and density through the valve backing
pressure and temperature.

An all-optical method to measure cluster size and density
was developed to characterize cluster jets �22�. The method
uses measurements of Rayleigh scattering and interferometry
in combination. Figure 2�a� shows an image of a weak 10 ns
duration 532 nm probe beam propagating along the long axis
of the jet and scattering from clusters. A sequence of Ray-
leigh scattering images are shown in Fig. 2�b� for fixed back-
ing pressure of 400 psi and variable valve temperature, with
lineouts of these images seen in Fig. 2�c�. It is seen that the
cluster flow becomes quite uniform as the valve is cooled to
200 K and lower, and a very sharp �0.5 mm falloff in scat-
tering yield occurs at the ends of the jet. Figures 3�a� and
3�b� show a sequence of plots, obtained using the method of
Ref. �22�, of average cluster size and cluster number density
as a function of valve backing pressure for four different

FIG. 1. Experimental setup, showing waveguide generating axi-
con with base angle �=25 deg and folded wave front interferometer
with variably delayed 1064 nm, 100 ps, �1 mJ probe pulse, imag-
ing optics and reflection wedge. The collection axicon is used for
pump absorption measurements. The insets show typical interfero-
grams of the central region of the waveguide and the end.

FIG. 2. �Color online� �a� Image of weak 532 nm beam scat-
tered by elongated cluster jet. �b� Image of scattering zone of cluster
jet versus valve temperature, for valve backing pressure of 400 psi.
�c� Central lineout of the scattering images of �b�. It is seen that the
uniformity of the cluster flow improves with valve cooling.
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valve temperatures. The wide control provided for cluster
size and cluster density is evident.

The laser used in this experiment is a mode-locked
Nd:YAG system with a wavelength of 1064 nm, pulse width
of 100 ps, and energy up to 800 mJ. The pump beam was
focused by an axicon with a base angle �=25 deg, generat-
ing a �1.3 cm long plasma column 2 mm above and along
the axis of the cluster nozzle orifice. The beam resulting
from focusing by the axicon, also called a Bessel beam �14�,
has a transverse profile invariant along the optical axis,
while the length L along the optical axis of the high-intensity
central maximum is determined by the beam radius a and the
axicon base angle � according to L=a�1/ tan �−tan ��,
where �=sin−1�n sin ��—� is the angle of approach of the
axicon rays to the beam axis �18�. In our case L=1.6 cm for
�=25 deg, axicon BK-7 glass refractive index n=1.507 at
�=1064 nm, and 2a=1 cm. The longitudinal intensity distri-
bution along the axicon line focus has a peak located near the
axial midrange and decreases toward the two ends. This oc-
curs because the input beam profile is mapped onto the focal
line with a radial weighting factor: the weighting factor is
zero for the input beam center, which maps to a point closest
to the axicon vertex, and the input beam periphery �where
intensity decreases to zero� is mapped farthest from the axi-
con vertex �18�. In the experiment, the ends of the 1.6 cm
long line focus overlap the ends of the cluster jet �as defined
in the Rayleigh scattering images of Fig. 2�b�� so that there is
no section of the jet left unionized. The peak vacuum inten-
sity in the central maximum of the Bessel beam is
�6�1013 W/cm2 corresponding to the maximum laser en-
ergy used of 415 mJ, although in practice the breakdowns
were more uniform with less energy. The range of intensities
used is sufficient for the optical field ionization �OFI� of
neutral argon. The OFI electrons act as a seed for the subse-
quent cascade avalanche ionization of the cluster. An image
of the line breakdown in an elongated argon cluster jet is
shown in Fig. 4. The ring on the screen at the left is nonlin-
ear fluorescence of the locus of rays from the axicon that
heat the plasma and are transmitted through it, and the cen-
tral spot is from the central part of the input beam that passes
through a 2.5 mm diameter hole in the center of the axicon.
�This hole is used in experiments where secondary delayed

pulses are injected through the axicon and coupled into the
plasma waveguide and optically guided �8,18�.� Visually,
Bessel beam breakdowns of the clustered gas jet are signifi-
cantly brighter than similar breakdowns in unclustered jets or
in backfill targets.

The time- and space-resolved evolution of the plasma
waveguide is measured by a probe pulse directed perpen-
dicularly to the waveguide axis and into a folded wave front
interferometer �23� �see Fig 1�. The probe was obtained by
splitting off a 1 mJ portion of the 100 ps main pulse and
directing it to an optical delay line, which provides the time
resolution through pump-probe delays of −1 ns through
+11 ns. The diameter of the probe beam 1.6 cm, which was
big enough to fully contain the plasma channel. After passing
through the plasma channel, the probe was directed to a lens
pair imaging system with the first lens of focal length f1
placed a distance f1 away from the plasma, the second lens
�f2� placed a distance f1+f2 away from the first lens, and the
probe image formed a distance f2 beyond the second lens
with magnification f2 / f1=2. An uncoated BK7 wedge in the
probe beam path prior to the image plane was used to pro-
duce two angularly separated beams. At the image plane the
two beams form complementary interferograms whereby a
portion of the beam unperturbed by the plasma overlaps with
a portion of the beam passing through the plasma to generate

FIG. 3. Argon cluster �a� size and �b� density
versus valve backing pressure for several valve
temperatures. The measurement is made using the
technique of Ref. �22�.

FIG. 4. An image of the Bessel beam-induced breakdown oc-
curring in an elongated argon cluster jet. The ring on the screen at
left is the nonlinear fluorescence of the locus of rays from the axi-
con transmitted through the plasma. The central spot is from the
central part of the input beam that passes through a 3 mm diameter
central hole in the axicon.
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interference fringe shifts due to the plasma refractive index
profile. At the image plane a 4� microscope objective
coupled to CCD camera was used to capture the interfero-
gram, for an overall system magnification of 8�. The phase
information encoded in the interferogram was extracted with
a fast Fourier transform technique, and the phase was further
processed by Abel inversion, assuming cylindrical symmetry,
to recover electron density profiles �23–25�. Insets to Fig. 1
show typical interferograms of the central region of the
waveguide and the end.

III. EXPERIMENTAL RESULTS

Figures 5�a�–5�c� show gray scale images of the extracted
electron density at three probe delays for the case of argon at
valve temperature 173 K, backing pressure of 800 psi, and
pump laser energy of 150 mJ. It is notable that for
waveguides produced in nonclustered argon, the typical
pump energy required was �500 mJ and a seed gas �N2O at
10%–20% partial pressure� was needed to provide OFI elec-
trons to seed the avalanche breakdown �23�. In the present
case, the lower laser energy and lack of a seed gas means a
much reduced OFI rate. But the much higher local atomic
density in a cluster ensures that, even with the lower yields
of first generation OFI electrons, the subsequent collisional
breakdown is far more vigourous than in the seeded unclus-
tered gas case. This will be seen in the later simulations.

Figure 6 shows plots of electron density versus radius, as
a function of probe delay from the central region of the
waveguide, for two settings of the argon cluster jet. In Fig.
6�a�, Pvalve=800 psi, Tvalve=173 K, and laser energy is
150 mJ. By �500 ps, a hollow electron density profile de-
velops, and a laser-induced shock wave propagates radially
outward. By 2 ns, the on-axis electron density has dropped
below �1018 cm−3. The electron density falloff at radial dis-
tances beyond the shock is more extended than for laser-

plasmas generated in unclustered targets, owing to both con-
duction and radiation precursors �26,27� and a reduced laser
intensity threshold for strong ionization of clusters �15�.
The latter effect enables subsidiary off-axis radial maxima of
the Bessel beam to be effective in plasma generation. In Fig.
6�b�, Pvalve was reduced to 500 psi, also with Tvalve=173 K.
In order to make a stable, continuous channel, it was neces-
sary to increase the pump laser energy to 230 mJ. Under
these conditions, it is seen that the peak electron density does
not occur until �500 ps past the pump pulse, and the central
electron density dip does not occur until �1 ns. These re-
sults illustrate that cluster target conditions play a significant
role in determining the amount of pump energy required for
desired waveguide parameters. In this case, increasing the jet
backing pressure results in a very large pump energy savings.

We also generated plasma waveguides in a nitrogen clus-
ter jet. Figure 7 shows the evolution of the nitrogen cluster
plasma under Pvalve=900 psi and Tvalve=173 K with a pump
laser energy of 415 mJ. These higher levels of backing pres-
sure and pump energy were required for stable continuous
channels. It shows a similar evolution as in the argon cluster
plasma, with the density dip appearing at �500 ps, and the
central density dropping to �1018 cm−3 after �2 ns. By
comparison, in unclustered nitrogen, both from gas jets and
in backfill targets, no breakdown occurred for the pure gas
using axicons and 100 ps pulses, and only with significant
additional partial pressure of N2O ��20% � was breakdown
possible.

The results of this experiment show that clustered gases
achieve breakdown to high degrees of ionization much more
readily than unclustered gases. One would expect that an
absorption measurement should be consistent with this ob-
servation. Such a measurement was performed by collecting

FIG. 5. Gray scale images of the extracted electron density near
the center of the waveguide at probe delays �a� 200 ps, �b� 2 ns, and
�c� 6 ns for argon at a backing pressure of 800 psi, valve tempera-
ture of 173 K, and pump laser energy of 150 mJ. FIG. 6. Extracted electron density versus radius near the central

region of the waveguide as a function of probe delay for argon
cluster jets with valve temperature 173 K, backing pressure 800 psi,
and pump laser energy 150 mJ; �b� valve temperature of 173 K,
backing pressure 500 psi, and pump laser energy 230 mJ.
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the cone of rays transmitted by the plasma �shown in the
schematic of Fig. 1 and shown projected onto the screen in
Fig. 4� with a second axicon after the plasma breakdown,
and delivering the light to an energy meter. The input beam
energy was directed to the axicon by a 90 deg 1064 nm mir-
ror with a central hole of slightly larger diameter than the
hole in the axicon. Therefore, for this measurement the cen-
tral beam spot shown in Fig. 4, which does not participate in
plasma generation or heating, was not collected. Figure 8�a�
shows absorption versus backing pressure of argon and ni-
trogen clusters for Tvalve=173 K and laser energy of 315 mJ
and Fig. 8�b� shows absorption as a function of pump energy
for argon clusters �Pvalve=800 psi and Tvalve=173 K� and for
argon gas �Pvalve=800 psi and Tvalve=298 K�. The level of
absorption in unclustered nitrogen jets was below the sensi-
tivity level of the measurement. It is seen that the maximum
absorption is approximately 35%. While not at the level of
�80% absorption of femtosecond pulses in clustered gases
�13�, the absorption of these long 100 ps pulses is much
greater than that achievable in unclustered gas jets.

IV. CALCULATIONS OF LONG PULSE BREAKDOWN OF
CLUSTER JETS

We now discuss the result that the use of clustered gas
significantly enhances pump pulse absorption and waveguide

generation, even though the few hundred femtosecond clus-
ter disassembly time is greatly exceeded by our 100 ps pump
pulses. Our earlier femtosecond time-resolved measurements
showed that heating of few hundred angstrom diameter clus-
ters by 1015 W/cm2, �=800 nm, 70 fs pump pulses induces
an ultrafast cluster plasma explosion, wherein the peak elec-
tron density drops from solid levels of �1023 cm−3 to sub-
critical levels below �2�1021 cm−3 within �0.5 ps �15�,
and the plasmas from nearby cluster explosions merge in
�10–100 ps, depending on cluster density. The implication
of this for the current experiment is that the majority of the
100 ps pulse envelope will encounter low subcritical density,
uniform plasma created from expansion and merging of in-
dividual cluster explosions that are initiated very early in the
pulse. Therefore, an explanation for the surprisingly high ab-
sorption efficiency resides in the cluster plasma dynamics in
the leading edge of the 100 ps pump pulse.

Figure 9 shows results from our laser cluster hydrody-
namic code �28�, for a 200 Å argon cluster exposed to a
100 ps, �=1064 nm pulse over a range of intensity. The code
solves the plasma hydrodynamic equations coupled to the
equation � · �	E�=0 for the electric near-field, where 	�r , t�
is the space- and time-dependent plasma dielectric function
and E�r , t� is the self-consistent electric field from the laser
and plasma. The near-field model is well satisfied here for
ka�1, where k is the laser wave number and a is the cluster
radius. The code accounts for OFI and collisional ionization
and heating, thermal conduction and uses a time-dependent
collisional radiative model for the ionization dynamics. The
pulse temporal envelope is taken to be Gaussian. The figure
is a semi-log plot of the cluster peak electron density as a
function of time for peak pulse intensities in the range
1013–1014 W/cm2, corresponding to the range of experimen-
tal intensities in the central maximum of the Bessel beam.
The pulse starts near t=−300 ps at 1.5�10−11 of peak inten-
sity �for example, the starting intensity is 1500 W/cm2 in the
case of the peak 1014 W/cm2 pulse�, where the initial elec-
tron density is taken to be 2 electron/cm3, effectively zero
over the cluster volume. The results are insensitive to this
choice of negligible initial electron density. The pulse peaks
at t=0. It is seen that extremely strong cluster ionization
occurs in the far-leading edge of the pulse, saturating to an
average degree of ionization Zavg�8 corresponding to the
Ne-like Ar8+ ion, which is quite stable against further ioniza-
tion to the next higher stage. The ionization onset time varies

FIG. 7. Electron density versus radius near the central region of
the waveguide as a function of probe delay for clustered nitrogen
cluster jets with �a� valve temperature 173 K, backing pressure
900 psi, and pump laser energy 415 mJ.

FIG. 8. �a� Absorption efficiency versus back-
ing pressure of clustered argon and nitrogen for
temperature 173 K and laser energy 315 mJ; �b�
absorption efficiency versus pump laser energy
for clustered argon at backing pressure 800 psi
and temperature 173 K, and unclustered argon at
backing pressure 800 psi and temperature 298 K.
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over a �40 ps range as the peak intensity varies from
1013 to 1014 W/cm2, but the onset always remains in the far-
leading edge of the pulse. The exploding cluster plasma,
once it has dropped below critical density, can cool by ex-
pansion during the leading edge of the long pulse, well be-
fore the pulse intensity increases sufficiently to contribute to
heating. During this phase, the expanding and merging clus-
ter plasma is also cooled via thermal conduction to the neu-

trals and weakly preionized gas on the periphery of the main
plasma. From single cluster calculations alone �28� �ignoring
thermal conduction to the gas jet periphery�, expansion cool-
ing can drop the temperature from a peak of a few hundred
eV down to a few eV.

The conclusion from these calculations is that essentially
the full 100 ps pulse envelope encounters highly ionized,
uniform, and relatively cold plasma as its effective initial
target. From this perspective, the clustered gas can be viewed
as enabling a supercharged preionization scenario. In typical
preionization schemes, the initial ionization level per atom
is less than unity, Zeff�1 �9,10�. With clusters as
the target, one can have Zeff�1, as seen in Fig. 9. The
effects of this on the further breakdown and heating of
the target can be investigated by utilizing our
self-consistent Bessel-beam plasma interaction code �14�,
which simulates axicon pulse heating of gas-density plasmas.
In this calculation, the plasma hydrodynamic equations are
solved, coupled to the equation for the z-propagating Bessel
beam, ��

2u+
2u=0, where the electric field is given by
E�r� ,z ,��=ei�zu�r� ,��, 
2�r� ,��=k2�1+plasma�r� ,��
+4���r� ,���−�2 is the square of the local transverse wave
number, � is the total atomic and ionic susceptibility, and
plasma is the plasma contribution to the medium response. In
the above equations, ��

2 is the Laplacian in the transverse
coordinate r�, k=� /c is the vacuum wave number of the
laser, and � is the wave number along the propagation axis z.

For this calculation, we use conditions corresponding to
experimental parameters of Fig. 8: axicon ray approach
angle �=15 deg, �=1064 nm, a peak intensity of
2.5�1013 W/cm2, and gas densities Nn=0.7�1019,
1.0�1019, and 1.4�1019 cm−3, corresponding to backfill

FIG. 9. Calculation using laser-cluster interaction code �28� of
the logarithm of electron density versus time for a 200 Å argon
cluster under irradiation of 1064 nm, 100 ps pulses of intensity
1013, 2�1013, 5�1013, and 1014 W/cm2. The effective degree of
ionization saturates near Zinit�8 in the very early leading edge of
the pulse.

FIG. 10. Calculation using self-consistent Bessel-beam plasma
interaction code �14� of time-dependent Bessel beam absorption.
The initial ionization state is varied from Zinit=10−7 to Zinit=8,
corresponding to the conditions encountered by a long pulse
interacting with a range of targets spanning initially unclustered gas
to a gas of large clusters. The initial gas density is
0.7�1019 cm−3 �200 Torr�. Total absorption is given by �. Here,
the absorption for Zinit=8 �“clustered”� is �10 times greater than
for Zinit�10−7 �“unclustered”�.

FIG. 11. Calculation using self-consistent Bessel-beam plasma
interaction code �14� of time-dependent Bessel beam absorption.
The initial ionization state is varied from Zinit=10−7 to Zinit=8, cor-
responding to the conditions encountered by a long pulse interact-
ing with a range of targets spanning initially unclustered gas
to a gas of large clusters. The initial gas density is
1.0�1019 cm−3 �300 Torr�. Total absorption is given by �. Here,
the maximum absorption of �35% is predicted for the Zinit=8
�“clustered”� case.
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pressures of 200, 300, and 400 Torr, and shown in Figs.
10–12, respectively. The figures show the time-dependent
absorption for initial ionization levels in the range
Zinit=10−7 through Zinit=8. This corresponds to the initial
plasma conditions encountered by a long pulse interacting
with targets spanning the range of initially unclustered gas to
a gas of large clusters. Overlaid on these curves is the inci-
dent pulse envelope, normalized to unity. The tables inset in
the plots give the curve legend for the various values of Zinit
and the total absorption fraction, �, which is the integral of
each curve. It is seen for 200 Torr �Fig. 10� that absorption
for the “clustered” case of Zinit=8 ��=0.10� is ten times
greater than for the “unclustered” case of Zinit=10−7 ��

=0.012�. For 300 Torr �Fig. 11�, the maximum absorption is
�=0.33, while it decreases at 400 Torr �Fig. 12� to �=0.25.
In both the latter cases, a high degree of initial ionization
increases the subsequent absorption by approximately a fac-
tor of 3 compared to the low initial ionization case. In the
higher-density case, the absorption is somewhat less, owing
to the incipient exclusion of the axicon field from the plasma
caused by the increase in the effective critical density
Ncr,eff=Ncr sin2 � seen by the Bessel beam �14�. In general,
low average density cluster gases show the greatest relative
absorption enhancement over their nonclustered counter-
parts, while the largest absolute absorption takes place at
intermediate pressures, before density is large enough to ef-
fect Bessel-beam field exclusion. In all cases the absorption
in clustered gases, represented by the Zinit�1 cases, is sig-
nificantly greater than in neutral gases of equivalent average
density, where conventional preionization Zinit�1.

V. CONCLUSIONS

We have demonstrated that clustered gases are an excel-
lent medium for use in plasma waveguide generation using
long pulse Bessel beams. The resulting waveguides can have
both low central density and small diameter, a desirable but
hard to achieve combination for hydrodynamic shock
waveguides using conventional gases, or for other techniques
such as discharge capillaries. A main advantage for which
cluster targets are well known, namely extremely efficient
absorption of femtosecond laser pulses, is shown to extend to
pulses that are significantly longer than the time scale for
cluster explosive disassembly. This is due to the fact that a
clustered gas is very strongly preionized in the far-leading
edge of a long pulse; the subsequent pulse envelope acts to
heat a uniform, cool plasma that is already near ionization
saturation.
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