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Abstract: We report the observation of longitudinally uniform plasma
waveguide with a controlled length of up to nearly 5 mm, in argon clustered
gas jet. This self-channeling plasma is obtained using a 35 mJ, 30 fs FWHM
pulse as a pump laser pulse to create the plasma channel. A 1 mJ pulse of
the same laser is used for probing the plasma channels using interferometric
diagnostics. The radial distribution of the electron density confirms the
formation of a plasma waveguide. Clustered argon enhances the absorption
efficiency of femtosecond pulses which enables the use of pump pulses of
only 35 mJ, approximately 10 times less energy than required for heating
conventional gas targets. The plasma channel length is controlled by the
laser focus point (F), the laser intensity (I), the pump-probe delay time (t)
and the laser height from a nozzle (z). The variation of the electron density
for these parameters is also studied. We found that the highest density of 1.2
x 10" ¢cm™ was obtained at I = 5.2 x 10'° W/cmz, z=2mm and t = 7.6 ns.
It was demonstrated that by using a clustered jet, both the plasma
waveguide length and the plasma density could be controlled.
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1. Introduction

During the last two decades, the chirped pulse amplification (CPA) femtosecond (fs) terawatt
(TW) lasers, has positioned itself as critical tools in science and its applications. The
propagation over a long distance is a key issue for laser-driven acceleration [1], advanced
coherent sources of extreme ultraviolet radiation [2], and inertial confinement fusion ICF [3].
The ability to create a plasma channel and control its length is also critical for these
applications. Laser-induced cluster plasma is an interesting system spanning the regimes of
laser-solid and laser-gas interaction [4—8].

The guided propagation of laser beam in gas and plasma depends on the interaction length,
which is typically limited by laser diffraction to a few times the Rayleigh length Zg = 7 @, /
A, where o, is the laser spot radius at focus and A is the laser wavelength [8]. Many schemes
for guided propagation have been demonstrated. It was reported that the diffractive spreading
could be balanced by the refractive index profile of a medium and an intense pulse is then
guided within a constant (small) radius over many Rayleigh ranges [9]. It was also known that
the waveguide lifetime should be sufficiently long for practical applications. It points to this
fact that steady state waveguides should survive for many laser shots. This means that
waveguides produced synchronously with injected pulses should be reproducible at a high
repetition rate for many shots, with a very high duty cycle. It is noteworthy that for a single
guiding scheme to meet all these requirements is very challenging [9]. Relativistic and
ponderomotive self-channeling is the natural way to do this [10]. The occurrence of self-
channeling with the rapid formation of a stable, extended, and longitudinally homogeneous
filament has achieved propagation lengths from nanometer range [11] up to hundred times the
Rayleigh lengths [12]. However, in the later experiment, a high power (~460 GW)
subpicosecond laser at 248 nm was used to reach an intensity of ~10'® W/cm® to generate a
self-focusing plasma channel in krypton gas using a differentially pumped target gas cell.
Similar laser conditions were also used for the high-pressure gas jet targets, and relativistic
self-guiding over no more than ~2 mm has been observed. That length was limited by pulse
scattering and erosion owing to ionization-induced refraction and Raman instabilities [13].
However, the usage of such high laser intensities may be not preferable for X-ray lasers and
harmonic generation experiments [5].

In the present work we report the results of another approach using clustered gas jets,
where we observed self-channeling over nearly 5 mm, with an intensity almost three orders of
magnitude lower than required for relativistic self-focusing or ponderomotive filamentation
[13]. It was noticed that such a plasma channel acts as a waveguide where the electron density
increases with radius from the beam propagation axis [9].

Clusters are van der Waals-bonded assemblies of approximately 10°~107 atoms, typically
produced by rapid cooling during high-pressure gas flow through a gas jet nozzle into vacuum
[14]. Since clusters are intermediate to macroscopic condensed matter and microscopic
systems such as atoms and molecules, the intense laser-cluster interaction creates small-scale
plasmas (microplasmas). Detailed studies of these cluster microplasmas showed that it can
eject hot electrons up to 3 keV [15]. Soon after the clusters are heated, the charge separation
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by the hot electrons causes the clusters to explode, and as a result, much of the energy
deposited by the laser in a cluster is converted to ion kinetic energy [16]. Furthermore, it is
indicated that clusters are rapidly heated by the laser to a nonequilibrium, superheated state, in
large parts, due to the passage of the free electron density in the cluster through a Mie
resonance with the laser field during the cluster expansion [17]. Such studies suggested that
plasmas formed by the intense irradiation on gases containing clusters will exhibit large laser
absorption [18].

On the other hand, it was found that atomic cluster gases can promote laser pulse self-
focusing at intensities lower than required for relativistic and ponderomotive self-focusing
[19]. This effect derives from the evolution of the transient cluster polarizability induced by
the pulse according to the hydrodynamic model of individual cluster evolution [20]. In this
model, it was considered that the complex cluster polarizability y, where P = y E is the cluster
dipole moment and E is the external laser field, reveals the details of the cluster dynamics.
The temporal behavior of the real part of the polarizability Re (y) = v, for an individual cluster
is determined by a competition in its optical response between the portion of its expanding
plasma above critical density and the portion below: v, > 0 when the supercritical density
material dominates the response, and v, < 0 when the subcritical density response dominates
[20]. For clusters near the beam center, where the intensity is high, v, rises faster than at the
edge of the beam. The self-focusing effect is understood by considering the radial and time
variation of the average polarizability 7 over an ensemble of clusters in a gas. The result is a

beam-axis-peaked radial profile of 7., since real refractive index n, = 1 + 2aN, 7, where N, is

the cluster number density, this profile gives rise to pulse self-focusing [21].The model for the
complex polarizability and self-focusing have been experimentally confirmed [21]. So that the
usage of atomic clusters provides two novel and important features; efficient absorption of
femtosecond pulses [22] and their self-guided propagation [21]. Recently, it was found that
the requirement for adequate ionization and heating for channel formation in N,O gas clusters
demands the high laser energy [23]. In these experiments, the self-guiding effect was made
possible as the strongly heated large clusters (20 — 30 nm) exploded in the presence of the
driving laser intensities of ~10'7 W/cm®. Moreover, a long plasma channel of 1.5 cm was
obtained for Ar clusters (~7 nm) using a 100 ps Nd:YAG laser pulse of high energy of 500 mJ
(~10"7 W/em?) [24].

In our current experiment, we demonstrate the generation of a long plasma waveguide and
control of its length using different experimental parameters with laser intensities (10" - 10"
W/cm®) much lower than before [23,24]. This gives us a better understanding of the plasma
channel effect of atomic clusters based on the measurements of the plasma density profile.
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2. Experimental setup
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Fig. 1. (a) The fs laser system used for the pump—probe plasma channel of argon gas jet. (b)
The plasma channel setup. Symbols: half wave plate (HWP), wave plate (WP), polarizer (P),
Pockels cell (PC), beam splitter (BS), mirror (M), acoustic-optical-modulator (AOM), beam
expander (BE), isolator (ISO), grating (G), Lens (L), nozzle (N), Retro-reflector (RF) Ti:
sapphire rod (Ti). (c) The side cross-sectional view of the supersonic slit nozzle. Nozzle
geometries (d = 0.5 mm, D = 5.0 mm, L = 5.0 mm), F the laser focus point distance from the
axial midpoint of the nozzle, z the laser axial height from the surface of the nozzle and o =
24.2° the half opening angle of the nozzle.

We have investigated the initiation and related properties of the plasma channel generated
under vacuum of 2 x 107 torr by a fs TW laser. The fs laser system, the pump-probe plasma
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channel setup and the side cross-sectional view of the supersonic slit nozzle are presented in
Fig. 1(a)-(c). The laser system used for the experiment has a 10 Hz repetition rate, 1.2 TW
peak power at 800 nm and 30 fs FWHM Ti:sapphire laser, similar to that in Ref [25]. Briefly,
it is composed of four stages: (1) a mode-locked oscillator, (2) a pulse stretcher, (3) a
regenerative and four-pass amplifiers and (4) a pulse compressor. The mode-locked oscillator
produces 370 mW, 20 fs FWHM pulses at 91 MHz repetition rate. These pulses were
stretched to 800 ps before amplification and injected into regenerative amplifier (RGA) and
ejected with a 10 Hz repetition rate. A 4-pass power amplifier (PWA) follows the RGA.
Furthermore, the output of PWA was then compressed using a grating pair to produce a 30 fs
pulse width. In our current experiment, a laser pulse of ~36 mJ was split to two pulses of 35
mJ and 1 mJ. The 35 mJ pulse (pump beam) was used to generate the plasma channel in a gas
jet, while the 1 mJ pulse was used to provide a probe beam for a variably delayed transverse
interferometry. The plasma was generated by focusing the pump beam with an f/5 lens into
the end of an elongated cluster jet, using a supersonic gas jet with a pulsed gas valve (Parker
series 99 with 0.5 mm diameter orifice). In order to attain our objectives successfully, we used
a supersonic slit nozzle with a specific dimension to enhance large Ar clusters formation. The
nozzle has a rectangular orifice of size 5 x 0.5 mm” and half opening angle of 24.2°, which
was described in details earlier [26]. The probe beam size was much bigger than the plasma
size so that the upper part of the beam traversed the plasma while the lower part passed below
the plasma was used as a reference. Then the probe beam passed through a Michelson
interferometer with a roof prism in one arm in such a way that the upper part of the probe
beam which traversed the plasma filament was interfered with the reference. Using a CCD
camera, the constructed interferograms yield information on the phase shift, due to the
passage of the light through a chord across the cylindrically symmetric plasma. This phase
shift can be Abel inverted to yield the radial electron density profile [27,28]. By varying the
probe delay, the time evolution of the plasma profile can be mapped out. It is noteworthy that,
the laser was focused above the nozzle by means of an f/5 lens, which produced a beam waist
wo = 28 um FWHM when focused in vacuum of 2 x 107 torr. The minimum spot size of 28
pm implies that the beam is about 11 times the gaussian beam diffraction-limited value of

2Af In~ 2.5um [28]. Both of the laser focal point (F) and its axial height (z) could be

remotely scanned under vacuum. Initially, the laser propagation axis was at z = 2 mm above
the nozzle orifice and the beam was focused 2.5 mm before the axial midpoint of the nozzle,
i.e. at F=-2.5 mm (negative sign means that the focus point is located before the midpoint of
the nozzle orifice).

3. Results and discussions

Typical plasma channel interferogram image and its corresponding CCD image of the
scattered light observed in our experiment are presented in Fig. 2(a) and (b). The figure
reveals that the plasma channel has a length of 4.5 mm using Ar jet with a backing pressure of
75 bars. We used a laser intensity of 5.2 x 10'® W/ecm® focused at z = 2 mm above the nozzle
orifice and positioned at F = - 2.5 mm from the midpoint of the nozzle orifice with a delay
time of t = 7.6 ns between pump and probe beam. It is noteworthy that we obtained this long
plasma channel with laser intensity two order of magnitude lower than that required for the
relativistic self-focusing in atomic gas (~10" W/cm?®) as described before [12]. The
optimization of our experimental parameters for large Ar clusters has been studied previously
in detail [26,29]. In these experiments we studied the relationship between the valve opening
time and the cross section of gas flow, which is critical to the cluster formation, using the
time-resolved Rayleigh scattering measurements with a photomultiplier tube PMT for the
supersonic slit nozzle. The observed results revealed that the scattering signal recorded by the
PMT for different valve opening times, showing that Rayleigh scattering signal reaches the
steady state and has the flat top profiles when the pulsed valve opening time is longer than 3
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ms. We concluded that the valve opening duration of 3 ms guarantees the buildup of a steady
state gas flow and cluster formation thus reach the steady state [26]. Moreover, in these
studies, we also found that using a supersonic slit nozzle with specific dimensions as
described earlier, under high vacuum and using high backing pressure, enhances the Ar cluster
formation and increases the cluster size [26]. In the present experiment, we applied all of our
previously optimized conditions for a supersonic slit nozzle, with a higher gas backing
pressure of 75 bars to increase the clustering of Ar atoms. We found that the average cluster
size N, is estimated to reach about 34 000 atoms per cluster using the pressure dependence of
(Po)z‘w, where P, is the backing pressure in bars [29]. Also, we estimated that the average
cluster radius is approximately 7.3 nm using the Hagena scaling based on our nozzle geometry
[29-31]. Previous experimental studies showed that a gas consisting of atomic clusters
exhibits a high absorption of intense ultrafast laser pulses [18]. This absorption was found to
be much higher than that exhibited by an atomic gas with similar density. Other studies found
experimentally that for large Ar clusters of 2.5 — 6 nm, the clusters absorption efficiency of
the 800 nm femtosecond laser reached about 80% higher than the unclustered gas jets [9,20].
So that, the attainment of a size of 7.3 nm for the clustered argon is very important, to enhance
the absorption efficiency of femtosecond laser in our experiment. The increase of the
absorption efficiency helps the heat up of clusters and promotes self-focusing effect at lower
laser intensities than required for relativistic self-focusing of unclustered gas jets [10]. Also, it
is noticed that the high laser absorption is accompanied by rapid ionization to charge states
much higher than those achieved by straightforward optical ionization of single atoms at the
same laser intensities [17]. Furthermore, previous studies found that with the using of 140-fs
pulses at an intensity of 8 x 10'> W/cm?, while the single Ar atoms were field ionized to Ar**,
the Ar clusters were ionized up to A [17,19,32,33].

bl 1
Ell
211 (c)
' I -
=B
e
z
my I ——
F L _; 4
4.5 mm £,
2 o
200 <150 100 -50 LU 20 100 150 200

radial distnace (pm)

Fig. 2. (a) Interferometric plasma channel image, (b) Plasma channel real scattered light CCD
image, (c) The radial distribution of the electron density. The length of the constructed plasma
channel is 4.5 mm using 800 nm 30 fs pulses with I =5.2 x 10" W/em?, t = 7.6 ns, and z = 2
mm.

Figure 2(c) represents the radial electron density distribution observed from the
interferogram in Fig. 2(a) using the Abel inversion. The electron density profile indicates that
the plasma channel diameter is nearly 100 um FWHM as observed by others [8,34]. The
variation of the electron density profile confirms the formation of the waveguide with a
hollow electron density profile; a local minimum (7 x 10'® cm™) on the axis and a maxima
(1.3 x 10" cm'3) at the walls as also observed by recent studies [35]. It was shown that the
heated clusters explode on a sub-ps time scale, eventually expanding and merging to form
locally uniform plasma in ~10 —100 ps [19,20,36]. This hot plasma expands radially, leading
to the formation of a shock wave and the subsequent formation of waveguide structure over a
nanosecond time scale as proved previously [32]. H, we set our delay time between the pump
and probe beams (t) to be in the nanosecond time range.

In the current experiment, controlling the length of the plasma waveguide was studied
using four variables; the focus point (F), the delay time (t), the laser intensity (I) and the laser
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height (z). This was done by varying just one of them and fixing the others at the optimum
values found. The position of the focus point F relative to the midpoint of the nozzle orifice
can be varied under vacuum using a remotely controlled motorized stage. Figure 3(a) shows
the variation of the channel length with F, using [ = 5.2 x 10' W/cmz, t=7.6ns,z=2mm
and Ar baking pressure of 75 bars. The figure reveals that the channel length reaches a
maximum value of 4.7 mm at F = - 3.5 mm from the midpoint of the nozzle orifice. However,
under our experimental conditions, the Ar gas stream flow was expected to take a conically
shape [37] near to the nozzle surface up to the height z = 2 mm with the same half opening
angle of the nozzle of 24.2°. In this case, the tangential distance is given by 2 x tan (24.2) =0.9
mm from the nozzle orifice edge, i.e. 0.9 + 2.5 = 3.4 mm which is close to our experimental
measured value of 3.5 mm from the midpoint of the nozzle orifice as illustrated in Fig. 1(c).
We noticed that, putting F a little earlier before the nozzle orifice edge helps to increase the
interaction length and allows more Ar clusters to be ionized which in turn increases the
channel length. On the other hand, if F is too far from or near to the midpoint of the nozzle
orifice, less Ar clusters will be ionized which leads to a rapid decrease in the plasma channel
length as revealed in Fig. 3(a). Figure 3(b) shows a performed scanning of the pump and
probe delay time (t) for different laser intensities. Laser intensities of 4.6 x 10" W/cm?, 1.3 x
10'° W/cmz, 3.72 x 10" W/em? and 5.2 x 10'® W/em® were used. It was observed that, for
each of these intensities, the channel length increased gradually from t = 4 up to 7.6 ns and
then decreased with time. The channel length varies between 3 and 4.7 mm for 5.2 x 10'
W/cm® while for 4.6 x 10'> W/cm® it varies between 1 and 2 mm.
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Fig. 3. (a) The channel length change with the focus point (F) using laser intensity 5.2 x 10"
W/cm? and delay time t = 7.6 ns between pump and probe and height z = 2 mm and Ar baking
pressure 75 bars. (b) The channel length change with delay time (t) between the pump and
probe pulses using different laser energies at z =2 mm for clustered Ar jet.

Thus, maximum channel lengths were reached at 7.6 ns. If the delay time is earlier than
7.6 ns then the channel length will be shorter. For longer delay times, we expected that the
plasma density will decrease and thus the channel length reduces as well. It is noteworthy that
the time needed for the maximum length of the plasma channel is insensitive to the laser
intensity.

Figure 4(a) shows the change of the plasma channel length with laser height (z) for
different intensities at a delay of t = 7.6 ns and an Ar baking pressure of 75 bars. Laser
intensities of 4.6 x 10" W/em’, 1.3 x 10'° W/em?’, 3.72 x 10'° W/em®, 5.2 x 10" W/em® were
used. The figure reveals that for each of these intensities, the channel length increases with
increasing the height gradually from z = 0.5 um up to 2 mm then it decreases. Also, the
channel length increases gradually with the laser intensity that it varies between 2.7 and 4.7
mm for the highest intensity while between 1 and 2 mm for the lowest ones. Hence, the
change of the channel length depends on the Ar gas jet dynamics under our conditions. The
gas jet dynamics from supersonic slit nozzle has been studied previously by others [37,38].
These studies found that for a nozzle width of < 1 mm, the gas jet may expand out conically in
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the area near to the nozzle surface. At higher distances from the nozzle, they claimed that the
gas jet is tapered and the gas density decreases with z* [37]. Furthermore, when the gas
expands out of the nozzle, a certain distance is required for the clusters to grow, beyond which
the cluster size keeps the same value for a long distance before eventually decreasing [37]. By
applying these dynamics on the experimental findings, as demonstrated in Fig. 4(a), we can
assume that the Ar jet may expand conically with an angle of about 24.2° near to the surface
of the nozzle and then it starts to taper at z > 2 mm. Above the z = 2 mm, the gas density
decreases and consequently the laser absorption decreases which leads to lower ionization and
shorter channeling length.

Figure 4(b) shows the time-resolved electron density profiles for clustered Ar jet with a
backing pressure of 75 bars, using the maximum laser intensity of 5.2 x 10'® W/cm?* with z = 2
mm and F = - 3.5 mm. A central minimum in the electron density profile starts to develop
around 6.93 ns. This reveals the plasma expansion and the flattening of the central density as
the time goes. These results illustrate the ability to control the guide electron density from 2
x10" cm™ to low levels of ~10" ecm™. Similar profile and behavior have been observed by
others in different experiments [39].

The pump laser energy used in our experiment is only 35 mJ, approximately 10 times less
energy than required for heating conventional gas targets for plasma waveguide generation
[40]. We noted that the radial wings of the electron density profiles extended considerably
further out than for channels generated in non-clustered gases [40]. The channel develops into
a waveguide over a short distance (100 pm) along the pump laser propagation direction. The
clusters radially surrounding the hot plasma of the laser interaction region are preheated by
the leading edge of the pump pulse (exceeding 10" W/cm?) [40], which ionizes and
disassembles clusters in advance of the shock wave arrival. Hence, the cluster method
provides a route to control the waveguide density since cluster size and density can be
adjusted to give desired levels of merged plasma density. These experiments serve to indicate
the viability of the technique to generate and control longer Ar channels as a waveguide. If an
additional fs laser pulse is added, synchronized with the pump pulse, the current plasma
waveguide is well suit to the study of the guided propagation and the generation of high-order
harmonic generation (HHG) [41] from multiplied charged ions, which is currently in progress.
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Fig. 4. (a) The plasma channel length change with laser height (z) at different laser intensities
for t = 7.6 ns using clustered Ar jet with backing pressure of 75 bars. (b) The radial distribution
of electron density for different pump-probe delay times at optimum conditions for plasma
channel length of 4.7 mm.

4. Conclusion

Following through intense experimental research, we have demonstrated the formation of a
plasma waveguide using a clustered Ar gas jet with a laser intensity (5.2 x 10'®) about 100
times lower than required in non-clustered gas target. Femtosecond laser pulses have been
successfully used to generate and control the formation of long plasma channel waveguide up
to nearly 5 mm in a clustered argon gas jet. The observed waveguide can have both low
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central density and small diameter. We confirmed experimentally that the use of clustered jets
realizes the possibility of achieving on-axis plasma density control. Moreover, the length of
the waveguide can be controlled by plasma channel parameters (the focus point, the pumb-
probe delay time, the laser intensity and the laser height from the nozzle). Our results are of
great importance where high-intensity optical guiding is needed. This waveguide could be
used for the high-order harmonic generation (HHG). By controlling the plasma channel
parameters, the phase-matching could be enhanced which results an increase of the HHG
efficiency. This will represent a progress in producing new high efficiency XUV source. The
controlled long plasma channel represented here may also enable studies of laser wakefield
acceleration beyond the dephasing limit for electron density n, < 10" cm™ [42].
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