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ABSTRACT One of the major tasks for the progress of laser
acceleration of electrons in plasmas is the guiding of focused
pulses along path lengths much larger than the depth of focus.
We have tested experimentally the production of hollow plas-
mas in gas to be used as guiding medium. We induced optical
breakdown in Helium with a nanosecond laser pulse similar to
the Amplified Spontaneous Emission (ASE) pedestal of a pow-
erful ultrashort laser pulse. The plasma produced in this way
was carefully characterized by high resolution interferometry.
Plasma channels several millimeters in length whose density,
depth and width match the requirements for an efficient guiding
have been obtained. Channels with a variety of parameters can
be created according to the well-known dynamics of the plasmas
produced by optical breakdown.

PACS 42.82.Et; 52.50.Jm; 41.75.Jv

1 Introduction

The importance of stable and reproducible plasma
channels is raising with the need of guiding high intensity
laser pulses for various purposes. In this paper we report
on the production of plasma channels that fit the require-
ments for laser wakefield acceleration (LWFA) experiments.
In the LWFA scheme the laser pulse duration is related to the
plasma wavelength and therefore to the plasma density [1]
according to ¢t & Ap./2, where ¢ is the speed of light, T
is the laser pulse duration and A, is the wavelength of the
electron plasma wave. By using this acceleration mechan-
ism, recent experiments have demonstrated the production of
hundreds of MeV electrons with acceleration lengths of hun-
dreds of microns [2—5]. Among the experimental problems
that have to be overcome in order to increase the electron
energy reachable by exploiting this acceleration technique,
one of the major tasks is the extension of the acceleration
length. The aim is to go well beyond the optical limit given
by the so called Rayleigh length. The general idea is based
on the use of guiding techniques balancing the diffraction
of the pulse [6—8]. One method for creating such optical
guides relies on the use of gas-filled capillary or Z-pinch
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discharges [9, 10]. Another possibility is to create a chan-
nel with a precursor laser pulse, prior to the arrival of the
main accelerating pulse [11]. This latter method has been
recently improved by using clustered gas-jets and generat-
ing the plasma waveguide with an ultrashort precursor pulse
(70 fs). In this way the propagation of a femtosecond test pulse
through the plasma waveguide was successfully proved [12].
The method based on clustered gases has been then extended
to longer pulses (100 ps) with high efficiency allowed by the
high laser pulse absorption compared with the unclustered
case [13]. Though experiments with clustered gases are of
great interest, our work shows that also the simple gas break-
down obtained with pulses similar to the ASE precursor of
a powerful femtosecond pulse can produce suitable guiding
conditions, as we will discuss below. Here we just recall that
a relation has been established between the depth and the ra-
dius of a parabolic plasma channel and the laser spot size for
a gaussian pulse to obtain the best guiding effect [7]. It has
also been recently proved [14] that tapered plasma channels,
in which the electron density on the longitudinal axis raises
along the coordinate of the pulse propagation, allow acceler-
ation up to GeV energies to be obtained. We have produced
plasma channels that basically fulfill all these requirements.
Moreover, the plasmas were obtained with laser pulses similar
to the nanosecond ASE (Amplified Spontaneous Emission)
that typically precedes ultrashort powerful laser pulses pro-
duced with the Chirped Pulse Amplification (CPA) technique.
This allows one to design experiments in which the ASE, usu-
ally a perturbation to the main interaction, can be turned into
a useful tool to improve the conditions for acceleration. This
kind of approach has been already successfully used in accel-
eration experiments using thin foils: in that case the ASE was
used to explode the foil and to obtain a plasma of a suitable
density [15].

2 The method

Laser pulses employed in acceleration experiments
have typical durations of tens of femtoseconds, but a nanosec-
ond pedestal precedes the short pulse due to ASE, whose
intensity is several orders of magnitude lower than the high
intensity one. Usually, laser pulses employed for acceler-
ation purposes have a peak intensity on target exceeding
10+ W/cm?, while the ratio to the ASE intensity is typic-



612 Applied Physics B — Lasers and Optics

ally of the order of 10°. On the other hand, an ASE pre-pulse
intensity of 10'> W/cm? is by far above the threshold for gas
breakdown, so that the short femtosecond pulse usually prop-
agates in a pre-formed plasma rather than in a gas.

Our aim was to find the most suitable conditions to im-
prove the acceleration length. To this purpose we used the
well-established data [16] on optical gas breakdown by laser
pulses and subsequent evolution of the plasma. Basically,
a small plasma is initially produced by optical breakdown in
the gas nearby the focus; then the plasma expands along the
laser propagation axis due to the fastest of the following two
phenomena: (i) the “propagation” of the condition for the opti-
cal breakdown at the leading edge of the laser pulse, or (ii) the
propagation of the blast wave produced by the local fast heat-
ing of the gas. Whatever the mechanism, if the initial plasma
is optically thick to the laser radiation (heavy gases and/or
high pressure) the plasma will expand only toward the laser.
In the opposite case of optically thin plasmas, expansion will
take place in both directions, producing a quasi cylindrical re-
gion of ionized gas, nearly symmetric with respect to the focal
position.

In our experiment, as well as in most of acceleration ex-
periments with gas targets, optically thin and then symmetric
plasmas are produced. The use of large f/ N number, partic-
ularly suitable for acceleration, enables the nanosecond pulse
to produce a plasma whose length on the laser propagation
axis is much larger than the transverse size. Further, in the
nanosecond time-scale, the transverse expansion of the hot
plasma in the surrounding gas will result in a density depletion
along the axis, as expected from a quasi cylindrical explosion.
We show that in this way, it is possible to create plasmas able
to support long-scale acceleration for high gain acceleration
experiments.

3 The experiment: set-up and data analysis

The experiment described here was performed at
the ILIL Laboratory, in collaboration with the SLIC Labora-
tory of CEA in Saclay (France). The laser used for the experi-
ment is a two beams 3 GW Neodymium laser (YLF oscillator,
phosphate glass amplifiers), wavelength A = 1053 nm, pulses
of 3ns FWHM. The laser operates in single longitudinal
mode. The system can provide intensities up to 10'> W/cm?
on target with a high temporal and spatial quality. One of the
beams (called “main”) was used to produce the plasma and
the other (called “probe”) was devoted to the interferometry.
The main beam was focused in a spot of ~ 12 um diameter by
a f/8 lens in a Helium gas-jet. We chose a particular range of
energies: from 0.3 J to 0.5 J per pulse to be close to the inten-
sity of a typical ASE pre-pulse.

The expertise of the CEA laboratories on the gas-jet pro-
duction and characterization [17] was a basic contribution to
this work.

The gas-jet nozzle we have used in this case was a rectan-
gular slit of 3 mm x 0.3 mm and the gas-jet had already been
characterized [18]. The laser beam axis was set to be in the
longitudinal symmetry plane of the gas-jet. Data were taken
focusing the beam at different distances from the entrance to
the exit of the gas-jet. The geometry of the focusing conditions
is shown in Fig. 1.

\Helium

vz

FIGURE 1 Gas-jet and laser focusing geometry. The coordinate system
used in the text is shown. The focus of the beam was moved from the cen-
ter (as shown here) towards either the entrance or the exit in the gas-jet. The
probe beam, not shown in Figure, is directed along the y axis

In this paper we consider, in particular, three different
positions of the focus: x = 0 (focal spot in the center of the
nozzle), x = =1 mm. The laser beam axis was 500 wm away
from the nozzle plane.

The probe beam was frequency doubled using a KDP crys-
tal and delayed with respect to the main beam. A Nomarski
interferometer [19, 20] was used for observing interferomet-
ric images of the plasma; the fringes were recorded on a CCD
camera. As it is well known, the Nomarski interferometer em-
ploys two polarizers, a lens and a Wollaston prism: one of the
polarizers is set before the prism and the other one after it, al-
lowing the two orthogonally polarized images of the plasma
to interfere and give a fringe pattern. The interferometer was
designed and set up in order to have high fringe visibility and
a spatial resolution well below 10 pm. By changing the path
of the probe beam by means of a sliding prism to set the de-
lay with respect to the main beam, it was possible to study
the plasma evolution. However in this paper we only consider
interferograms obtained with a delay of 5 ns.

The phase map was deconvoluted using a fringe analysis
technique based on Continuous Wavelet Transform Ridge Ex-
traction [21], thus obtaining the phase-shift distribution in the
x — z plane with a high degree of accuracy. In particular, this
technique is able to evidence local variations of phase bet-
ter than other techniques based on Fast Fourier Transforms.
The phase difference maps were in turn processed with an
improved Abel inversion algorithm [22] in which the usual
axial symmetry requirement is relaxed by means of a trun-
cated Legendre polynomial expansion in the azimuthal angle.
With this procedure we obtained, from the three interfero-
grams in Fig. 2, the data on the electron density shown in
Fig. 3 to Fig. 5, next section.

4 The experimental data

A large number of interferograms were obtained
with the set-up described in the previous section. Many ex-
perimental parameters were varied in order to investigate dif-
ferent regimes. The most interesting for LWFA was found
when the laser beam was 500 pm away from the nozzle. In
this region of the gas-jet the Helium density, as derived from
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FIGURE 2  Fringe patterns for the plasma obtained focusing the main pulse
at y =0, z =500 pum. Top: x = 0, energy 460 mJ; middle: x = —1 mm, en-
ergy 460 mJ; bottom: x = +1 mm, energy 490 mJ. The arrow indicates the
focus position and the horizontal line indicates the 3 mm gas-jet slit position.
The laser propagates from the left

the measurement of the electron density, is of the order of
5x 10 em=3.

The interferograms showed high shot-to-shot repro-
ducibility of the plasmas. Figure 2 shows three typical in-
terferograms obtained focusing the main beam in the three
positions, namely x = 0, x = =1 mm. Energy ranged from
460 mJ to 490 mJ.

According to these figures, the plasma basically has cylin-
drical structure regardless of the position of the focus, as it is
clear from the patterns shown in Fig. 2. The Figure refers to
shots performed focusing the main pulse respectively at x = 0
(top), x = —1 mm (middle), x = 41 mm (bottom), while in all
the three cases was y = 0, z = 500 pm.

The plasma length was found to be about 3 mm. It is
shorter than the full available gas length which is of about
4 mm (at half of the maximum density) at 500 um from the
slit.

5 Discussion

The three interferograms shown in the previous
Section are representative of a large number of data charac-
terized by a high reproducibility. From their analysis we see
that in conditions of interest for laser acceleration of electrons
in Helium (with suitable density, f/ N, intensity and pulse du-
ration) one can obtain quasi-cylindrical plasmas of several
millimeters length with a hollow channel on their axis. From
previous data [23] we know that the electron temperature of
our plasma is T, ~ 50 eV. At the density of our plasma, this
implies a complete ionization of the He gas in the plasma vol-
ume [24]. In the following, we will mostly refer to the electron
density n. as simply “density”.
From the analysis of the interferograms we see that the
plasma density on the axis of the channel ranges from 3.5 to
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FIGURE 3 Electron density from the interferogram of Fig. 2 (top). Top:
3D reconstruction of the plasma density distribution. Middle: density line
out on the longitudinal axis. Bottom: transversal density line out taken at
x A~ =300 pm. The origin of the z axis corresponds to 500 um from the
nozzle

4.5 x 10'8 cm™3. This is a range of density suitable for wake-
field acceleration of electrons in plasmas with powerful laser
pulses of few tens of femtoseconds. This value can be easily
modified by properly choosing the initial density of the back-
ground gas.

The longitudinal density profile on the axis taken from in-
terferograms 5 ns after the pulse peak, shows rising or falling
of the density along the laser path. The density slope de-
pends in sign and value upon the position of the focus with
respect to the entrance border of the gas-jet. This fact can al-
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FIGURE 4 Electron density from the interferogram of Fig. 2 (middle). Top:
3D reconstruction of the plasma density distribution. Middle: density line
out on the longitudinal axis. Bottom: transversal density line out taken at
x ~ —300 pm. The origin of the z axis corresponds to 500 um from the
nozzle

low one to test different models and simulations on guiding
and acceleration in plasma channels. As introduced above, ac-
celeration in “tapered” channels has recently been considered
and successfully simulated [14]. In Figs. 3 and 4 we see two
different slopes of increasing density. The slope can be tuned
by moving the focal position in the gas-jet. In all the cases,
the maximum density along the plasma axis is 10! cm™3 and
is located at one end of the channel forming a “channel tip”
of few tens of micrometers width. Density and depth of such
a tip are the same of those of the cylindrical “wall” of the
channel, as can be seen from the transverse density profiles
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FIGURE 5 Electron density from the interferogram of Fig. 2 (bottom). Top:
3D reconstruction of the plasma density distribution. Middle: density line
out on the longitudinal axis. Bottom: transversal density line out taken at
x A~ —100 pm. The origin of the z axis corresponds to 500 um from the
nozzle

in Fig. 3 to Fig. 5. In fact, both channel tips and walls are
fronts of the detonation wave produced by the hot plasma in
the cold surrounding gas. This is also consistent with the sharp
gradient of the electron density at the external boundary of
the plasma, with a scale length of 10 to 15 um. It is worth
noting that in all the three cases considered (Fig. 3 to Fig. 5)
there is only one tip for each channel (either at the entrance
or at the exit). This is because the other channel end is lo-
cated in the region of lower density at the boundary of the
gas-jet. A consequence of the latter observation is that chan-
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nels with no tip at all can be produced with a larger f/N
focusing, so that both channel ends fall outside the gas-jet
boundaries. The transverse density profiles show a minimum
whose value ranges from 60% to 70% of the maximum elec-
tron density at the channel wall. The radius of the channel
at half of his depth ranges from 30 to 50 wm. These channel
parameters are suitable for an efficient guiding of the acceler-
ating laser pulse over paths much longer than the focal depth
of the focused pulse.

As from the theory of optical guides, if the plasma re-
fraction index peaks on its longitudinal axis, the portion of
light wave front located nearby the axis of propagation can
be retarded with respect to the peripheral part, thus allowing
the beam to remain focused over many Rayleigh lengths. To
further develop this point in our case let us notice that the
channels we have produced show a basically parabolic trans-
verse density profile.

In fact, Fig. 6 shows the magnification of the central re-
gion of the transversal line out in Fig. 3, with the parabolic
curve that fits the experimental data. The electron density
can be then described as n.(r) = ng + Ane(r/ren)*, wWhere
the values ng and An, /rfh resulting from the fit are: ny =
4.542x 10" cm™ and An/r, =3.74 x 10 cm™. From
this last fit parameter, we can estimate the radial parameter
of the plasma channel, ¢, taking An. from the experimental
electron density distribution, and we find r¢, & 73 wm. More-
over, we can find out the basic guiding properties of such
a plasma channel, as whether there is a frequency cutoff or
computing the high-order gaussian beam modes that can be
supported by this quadratic index profile.

To evaluate these characteristics, we can substitute in
the plasma index of refraction dependence on the electron
density profile n?(r) = 1 — 4nn.(r)e? /ma’ the relation for
n.(r) given above. Then, solving the vector-wave equation for
the electric field from the Maxwell equations in a lens like
medium [25], the “spot size” wy results to be wy = [rfh /(-
reAne)]%® where r. is the classical electron radius. In our
case wy & 23 um. Pulses of smaller spot sizes can be guided
with channels as the one of Fig. 4. It is worth noticing that
from this last relation follows that the spot size that can be sup-
ported by a plasma guide like the one we considered does not
depend on the frequency of the incoming radiation. We can
thus infer that there is not a cutoff that binds the propagation
of laser radiation in such a channel.

x10
6.5 + Experimental Data 1
— Quadratic Fit
%
s ¢ 1
="
55 4
5k <4
45

e 40 40 20 0 20 4 6 80
Radial Coordinate
FIGURE 6 Magnification of the central part of the electron density line out
of Fig. 3 (bottom), compared with the quadratic fit
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Going further, one can now consider the analysis of the
mode properties of these plasma waveguides, referring to
three different models that describe the guiding conditions de-
pending on the dimension of the channel [26]. Assuming that
the n-order mode spot size evolves as «/2p + |m|+ 1 times
wg, where p > 0 and m are radial and azimuthal mode in-
dices and wy is the spot size found above (corresponding to
the 1/e field radius of the p = 0, m = 0 mode), one sees that
the constraint on the number of guided modes arises from the
inequality wo/2p+ |m|+1 < re,. We find that 2p + |m| +
1 < 10, accounting for 55 modes capable to propagate in the
plasma channel. In summary, the plasma channels that we
obtained 5 ns after the nanosecond pulse peak can guide ultra-
short pulses focused in spots of few tens of microns. This is an
interesting scenario for acceleration.

A relevant point here is the reliability of the design of
a plasma channel of suitable parameters for a given experi-
ment. To discuss this point we use the well-established results
on the production and evolution of plasmas in gases by laser-
induced optical breakdown [16]. Figure 7 shows the basic
features of the longitudinal expansion of a plasma produced
by laser induced gas breakdown.

P(t)

L®

r

Plasma length
r

r
o

i, t, Time t

FIGURE 7 Top: schematic diagram of the laser pulse power. In region (I)
the power is below the breakdown threshold value. In region (II) the main
process responsible for the longitudinal plasma expansion is the “propa-
gation” of the breakdown threshold condition. Finally — region (III) — the
longitudinal plasma expansion is driven by the blast wave. Bottom: the
plasma length versus time as derived from the model described in the text
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The top diagram shows the power versus time P(f) of
a Gaussian laser pulse, as in our case. At the time #, the laser
pulse reaches the power Py, corresponding to the threshold in-
tensity Iy, at which breakdown occurs in the focal region. The
gas ionizes in a very short time in a region whose length is
comparable with the Rayleigh length Lg. The layer in the gas
where the threshold condition is satisfied will shift progres-
sively along the path of the beam, driven by the rise of the laser
pulse intensity in the given geometry of the focusing optics
(we are operating with a large f/N). Then, the longitudinal
ionization front will follow the motion of this layer. This kind
of fast propagation will continue until, at the time ¢y, its vel-
ocity will decrease below the velocity of the blast wave. At
the time #;, before the pulse peak, the plasma length is L;.
The longitudinal plasma expansion is now driven by a blast
wave supported by the laser energy deposition. Finally, the
later stage of the plasma expansion will be driven by a blast
wave whose velocity decreases in time. In our experiment
Iy ~ 5 x 10" W/cm? [16], with respect to the peak value ex-
ceeding 10'* W/cm?; therefore, the breakdown occurs very
early during the laser pulse, and a region of Lg &~ 100 um
length will be ionized almost instantaneously. After that, the
plasma length increases symmetrically (we have an optically
thin plasma) up to an extension of 2L . Taking into account
I, the Gaussian increase of the power, the focusing geometry
and the velocity of the blast wave typical of our experiment,
we estimate 2L, ~ 2.8 mm. The residual expansion of about
150 wm on each side is due to the blast wave, whose mean vel-
ocity, considering an expansion time of 5 ns after the pulse
peak, would then be 5 x 10° cm/s. We observe that, consis-
tently with the assumption of a radial expansion driven by the
cylindrical blast wave, the whole radius of the plasma cylinder
is also found to be ~ 150 pm.

The hydrodynamical expansion of a plasma produced by
optical breakdown of a gas with a nanosecond laser pulse
focused with alarge f/N optics appears to be a suitable mech-
anism to produce waveguides for short pulses. Recently, three
possible drawbacks of this method have been underlined [12].
First, for an efficient breakdown, gas density higher than the
required densities for LWFA would be required. Second, the
energy required would demand a powerful, long pulse, aux-
iliary laser. Third a significant taper at the waveguide ends
has to be expected. This work opens a new route to the pos-
sible use of the ASE pre-pulse instead of an auxiliary laser
in order to induce the gas breakdown, thus strongly reduc-
ing the impact of the first and second drawbacks. As far as
the third point is concerned, our measurements indicate that
the tapering effect at the channel ends can be drastically re-
duced if large f/N focusing is adopted, in order to allow
the longitudinal expansion to be driven by the propagation of
the breakdown threshold condition, rather than by the blast
wave.

6 Conclusions

Plasmas produced in a Helium gas-jet have been
carefully characterized in their density distribution by the de-
convolution, with original algorithms, of high quality inter-
ferograms. We found a clear evidence of a regular and repro-
ducible formation of hollow cylindrical channels inside the

plasma. The relevant channel parameters were measured, in-
cluding length, width, electron density at the channel axis and
at its boundary. The density at the axis was found to be ap-
propriate for wakefield acceleration driven by pulses of few
tens of femtoseconds. Both density jump from the boundary to
the axis, and channel width match very well the best guiding
condition for focal spots typical of acceleration experiments.
The transversal density profile, very close to a parabolic one,
allows good propagation of a large number of modes. The
channel length of several millimeters can be increased with
longer gas-jets and larger f/ N numbers. Channels of param-
eters suitable for a given experiment can be designed using
well-established knowledge on the evolution of plasmas pro-
duced in gas by optical breakdown. The parameters of the
laser pulse we have used are very close to the ones of a typ-
ical ASE pedestal of a CPA pulse. This allows one to design
experiments in which the ASE is used to preform a chan-
nel that is able to guide the femtosecond high power pulse
which drives the accelerating plasma waves. This paper rep-
resents a new step in the effort of propagating and guiding
intense laser pulses in plasmas. Among pioneering works
there is early evidence of propagation of a delayed pulse in
a pre-formed plasma [27] and the basic study of Ref. [11].
The recent progress includes experiments with clustered gas-
jets [12, 13]. Our work is specifically addressed to improve
the acceleration capability with ultra-intense laser pulses in
plasmas for both self-injected or externally injected electron
bunches.
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