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Formation of plasma channels in the interaction of a nanosecond laser pulse at moderate
intensities with helium gas jets
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We report on a detailed study of channel formation in the interaction of a nanosecond laser pulse with a He
gas jet. A complete set of diagnostics is used in order to characterize the plasma precisely. The evolution of the
plasma radius and of the electron density and temperature are measured by Thomson scattering, Schlieren
imaging, and Mach-Zehnder interferometry. In gas jets, one observes the formation of a channel with a deep
density depletion on axis. Because of ionization-induced defocusing which increases the size of the focal spot
and decreases the maximum laser intensity, no channel is observed in the case of a gas-filled chamber. The
results obtained in various gas-jet and laser conditions show that the channel radius, as well as the density
along the propagation axis, can be adjusted by changing the laser energy and gas-jet pressure. This is a crucial
issue when one wants to adapt the channel parameters in order to guide a subsequent high-intensity laser pulse.
The experimental results and their comparison with one-dimensional~1D! and two-dimensional hydrodynamic
simulations show that the main mechanism for channel formation is the hydrodynamic evolution behind a
supersonic electron heat wave propagating radially in the plasma. It is also shown from 2D simulations that a
fraction of the long pulse can be self-guided in the channel it creates. The preliminary results and analyses on
this subject have been published before@V. Malka et al., Phys. Rev. Lett.79, 2979~1997!#.
@S1063-651X~99!06206-6#

PACS number~s!: 52.40.Nk, 52.50.Jm
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I. INTRODUCTION

Applications of ultraintense laser-matter interaction ph
ics such as laser-driven electron acceleration@1–3#, x-ray
lasers@4#, high harmonic generation@5#, or inertial confine-
ment fusion@6#, usually require that a high-intensity las
pulse propagate over a long distance. To achieve this,
laser beam has to overcome natural diffraction, character
by the so-called Rayleigh length.

Various mechanisms have been considered to increas
interaction length. Milchberget al. created plasma channe
by focusing a 100 ps laser pulse~5 GW! into a gas-filled
chamber with an axicon lens. The formation of a radial sho
wave at the plasma-gas interface results in a fiberlike den
profile. The density profile in this case was uniform along
laser axis, but the plasma was not fully ionized@7#. An in-
complete ionization of the interacting plasma can be of gr
importance when considering refraction effects@8#. Never-
theless, the guiding of a ‘‘low-intensity’’ beam (1014W/cm2)
in these channels has been demonstrated@9,10# over 70 Ray-
leigh lengths~2.2 cm! and a 531015W/cm2 pulse has been
guided over 1 cm with a transmitted energy of 30%. In t
past few years, relativistic and ponderomotive se
channeling have been realized by several teams@11–13#.
These mechanisms provide a way to generate a gui
structure during the laser pulse itself. More recently, Kru
elnick et al. @14# have demonstrated the guiding of an inten
pulse (I .531016W/cm2) injected into a ponderomotively
PRE 591063-651X/99/59~6!/7110~11!/$15.00
-

he
ed

the

k
ity
e

at

e
-

g
-

e

driven plasma waveguide generated by a 2 TW laser beam
(I .1018W/cm2) in a hydrogen gas jet. No direct measur
ments of the radial and longitudinal density profiles we
performed in these experiments. A very different techniq
used by Ehrlichet al. @15# consists in forming the plasm
channel by a slow capillary discharge. The guiding of
1016W/cm2 laser pulse over 10 Rayleigh lengths~1 cm! has
been demonstrated under these conditions, but the pla
was not fully ionized and the electron density could not
decreased below 1019cm23. Guiding of terawatt laser pulse
by hollow capillary tubes has also been tested by sev
groups @16,17# through measurements of transmitted las
energy.

In this paper, we present detailed results on the exp
mental realization of fully ionized plasma channels. The
channels are obtained by focusing a 600 ps laser beam
moderate intensity (1013– 1015W/cm2) on the edge of a he
lium gas jet. This study demonstrates that the use of a ga
is a way to avoid both ionization-induced refraction of t
guided intense pulse@18# and refraction of the channel
producing pulse. Our results show that the electron densi
depleted along the laser axis over the whole length of the
jet ~2.5 mm! and that the electron density can be adjusted
changing the laser energy and gas pressure. In order to d
onstrate the importance of refraction effects, we also inv
tigated the density evolution by focusing the laser beam i
gas-filled chamber. We show that the helium gas is fu
ionized, but that refraction strongly modifies the plasma
7110 ©1999 The American Physical Society
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pansion compared to the gas-jet case, leading to the abs
of any useful channel. These studies have been perfor
with a complete set of diagnostics such as Thomson sca
ing, stimulated Raman backscattering, Schlieren imag
and interferometry. These diagnostics give us information
the electron temperature and evolution of the electron d
sity profile. Preliminary results on gas jets and their comp
son with 1D simulations are presented in Ref.@19#. Addi-
tional results are presented on the interaction in a gas-fi
chamber, as well as on the channel formation and meas
ment of the plasma parameters in various laser and ga
conditions. Two-dimensional simulations also show that p
of the ionizing beam is guided in the evolving channel.

The paper is organized as follows: The experimen
setup is presented in Sec. II. Section III is devoted to
experimental results. The case of focusing in a gas-fi
chamber is compared with the case of a gas jet. We t
discuss, in Sec. IV, physical processes that contribute to
formation of the plasma channel in the gas jet. Experime
results are compared with simulations using 1D and
codes. In Sec. V, we summarize and discuss the main ex
mental results and outline the perspectives.

II. EXPERIMENTAL SETUP

The experiments were performed at the Laboratoire p
l’Utilisation des Lasers Intenses~LULI ! with an infrared
(lL51.053mm) neodymium-glass laser beam, linearly p
larized and frequency doubled to 0.526mm with a maximum
energy of 25 J on target. The pulse duration was 600 ps
width at half maximum~FWHM! with a Gaussian shape
The 90-mm-diam laser beam was focused with anf /3 dou-
blet lens to a 28-mm-diam focal spot~FWHM! ~7 times the
diffraction limit of a perfect Gaussian beam!, and the inten-
sity in vacuum reached 531015W/cm2. The experimental
Rayleigh length, defined as the length over which the ma
mum intensity decreases by a factor of 2, is measured to
about 250mm. The laser beam was focused either in a g
filled chamber or on a pulsed helium supersonic gas
~Mach 4-5!. The gas jet is produced by means of a fast o
erating valve and a convergent-divergent Laval nozzle. T
rise time~1 ms! of the fast valve and the duration of the g
puff ~2–3 ms! were measured using Schlieren techniques.
1 mm under the exit of the cylindrical nozzle, which has
inner diameter of 2.5 mm, the neutral density in the cen
can be adjusted between 1018 and 331019atoms cm23. In
the higher-density case, the density gradient at the edg
the jet isDnat52.531019atoms/cm3 over 450mm.

To obtain interferograms and Schlieren images, a 600
collimated probe beam at 0.526mm propagates through th
plasma at 90° to the interaction beam~see Fig. 1!. All
Mach-Zehnder interferograms presented in this paper co
spond to time-integrated images of the plasma, recorded
ps after the interaction beam~i.e., the delay between th
peaks of the pump beam and the probe beam is 530 ps!. As
we will see subsequently, the plasma expansion at this t
is sufficiently slow to obtain in most cases well-defin
fringes during the 600 ps probe beam duration. In orde
measure the evolution of the plasma parameters~electron
density and electron temperature!, self-emitted Thomson
scattering is collected with anf /2.5 achromatic lens at 45
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from the incident laser beam and resolved both tempor
and spectrally by a spectrometer-streak camera system
addition to these parameter measurements, a similar sy
is used to obtain the time-resolved Raman-backscatte
spectra.

III. EXPERIMENTAL RESULTS

In the following section we describe the experimental
sults obtained in the gas-filled chamber~Sec. III A! and in
the gas jet~Sec. III B!. The gas-filled chamber experimen
are presented to outline the defocusing effects on the in
action beam induced by ionization. This effect does not
low the formation of a plasma channel. In Sec. III B, th
results are compared with gas-jet experiments, where
channel can be easily produced. The optimization of t
channel is discussed in Sec. III C.

A. Gas-filled chamber experiments

The interferogram in Fig. 2 corresponds to a plasma
sulting from the focusing of a laser pulse in a gas-fill
chamber. In order to keep a sufficient radial resolution, th
different interferograms have been taken at different po
tions along the plasma. The helium pressure is 760 Torr,
the plasma is produced over a 6 mmlength and a 900mm
width. The filamentary structures seen at the right of
interferogram are probably due to the presence of hot s
in the laser beam. They are also present in the middle of
plasma, so that it is not possible to assume the cylindr
symmetry necessary to deduce the radial electron den
profile via Abel inversion.

FIG. 1. Experimental set-up

FIG. 2. Time-integrated interferograms of the plasma produ
in the chamber filled with helium gas (P5760 Torr, full energy
shotE525 J).
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To determine the evolution of the electron density, tim
resolved Thomson scattering of the interaction beam
performed. Light is collected at 45° with respect to the la
axis and the slit of the streak camera limits the source ra
size to 50mm. In order to measure both the ion and electr
features on a single shot, the ion peak was attenuated
factor of 100@Figs. 3~a! and 6#.

Thomson-scattered spectra in the gas-filled chamber
presented for different values of the helium pressure in F
3~a!. The electron satellites are clearly visible on both sid
of the ion peak according to the Bohm-Gross dispersion
lation given by @20# v5(vp

213k2v t
2)1/2, where vp

5(nee
2/m«0)1/2 is the electron plasma frequency,k is the

electron plasma wave number~difference between the sca
tered wave number and the wave vector of the incident la
pulsek0), andv t is the electron thermal velocity. The wave
lengths corresponding to the red and blue satellites of
electron spectra are plotted as a function of the gas pres
in Fig. 3~b!. The lines correspond to the theoretical positio
for the first and second ionization states neglecting the t
mal correction in the Bohm-Gross frequency. It is obvio

FIG. 3. ~a! Time-resolved Thomson-scattering spectra at 45°
the laser axis for different helium pressures in the chamberE
525 J). The ion peak is attenuated by a factor of 100.~b! Wave-
length of the electron satellite as a function of the pressure in
chamber. The theoretical positions corresponding to the first
second ionization states of helium are plotted, respectively,
dashed and solid lines.
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from this graph that the helium gas is indeed fully ionize
This was observed in all our experiments, even when
laser energy was decreased down to 1 J, which corresp
to a laser intensity in vacuum close to 1014W/cm2. As will
be explained in Sec. IV, this is due to the fact that the hea
is efficient enough to produce plasma temperatures h
enough to reach the second ionization state of helium~at an
energy of 54 eV!. Looking at the temporal behavior of th
electron satellites in Fig. 3~a!, we see that the position of th
satellites is constant in time, which means that the elect
density does not change during the interaction time. It sho
be noted that the peak intensity of the electron satellites
pears later in time when the pressure is decreased (tmax

5100 ps at 780 Torr against 350 ps at 380 Torr, with a ti
origin corresponding to the beginning of the satellite!. It sug-
gests that at higher pressures the creation of the plasma
curs near the maximum of the pulse. This is explained by
fact that the ionization-induced refraction reduces the p
laser intensity, this effect being more efficient at higher pr
sures. The next section on gas-jet experiments confirms
conclusion.

B. Gas-jet experiments

In order to observe the efficient propagation of an inten
pulse in a plasma waveguide, the pulse to be guided sh
not be defocused by ionization-induced refraction before
after entering the plasma channel. The use of the gas
prevents defocusing in front of the gas jet. However, to p
vent refraction inside the channel, it is also essential that
gas be fully ionized. As shown here, this will be the ca
inside the gas jet.

To measure the radial electron density profiles as wel
the density and temperature evolution, we performed, res
tively, interferometric imaging of the plasma and Thoms
self-scattering on electron and ion acoustic perturbatio
Furthermore, to characterize the channel expansion, we h
time-resolved the Schlieren imaging of the plasma. A tim
resolved Raman backscattering measurement is also
sented at the end of this section to provide an independ
measure of the temperature.

An interferogram obtained when focusing the laser be
at full energy on the edge of the helium gas jet is shown
Fig. 4~a!. As the plasma is generated about 500 ps before
maximum of the creation pulse, this interferogram gives u
radial electron density profile about 1.1 ns after its creati
In this picture the laser propagates from the right to the l
In the right part of the picture, we see the transition betwe
unshifted fringes and fairly shifted fringes which indicate t
plasma-vacuum boundary. The radial plasma size is ab
300mm in diameter, and the plasma covers the whole len
~2.5 mm! of the gas jet. As the plasma diameter in the g
filled chamber was 900mm, this first indicates that self
defocusing of the laser beam is greatly reduced with the
jet, as already shown by several teams@18,21#. The plasma
length is limited by the dimension of the gas jet itself.

Assuming cylindrical symmetry, we can deduce the rad
electron density profile from the interferogram via Abel i
version. A characteristic radial density profile is plotted
Fig. 4~b! for fringe No. 20@cf. Fig. 4~a!#. In contrast to the
case of the gas-filled chamber, where no electron den
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FIG. 4. ~a! Time-integrated interferogram in the gas jet for
pulse energy E525 J (I Lvacuum5531015 W/cm2) and nat'3
31019 atoms/cm3. The time delay between the pump and pro
beams is 530 ps for all interferograms.~b! Electron density profile
for fringe No. 20 marked with white dots in~a!. ~c! Electron density
profiles deduced at a given point along the propagation axis f
the upper and lower parts of the interferogram~fringe No. 20!. ~d!
Electron density profiles deduced from fringes No. 5, 15, 20,
25.
depletion could be measured, the profile presents a den
minimum on axis. The electron density increases from
31019cm23 on axis to 931019cm23 at a radius of 160mm,
and the density difference is already higher than 1019cm23 at
a radius of 30mm. The on-axis electron density deduce
from this interferogram is in good agreement with the tim
resolved measurements obtained by Thomson scattering
presented later in this section. The largest source of error
the calculation of the density profile is a possible deviat
from cylindrical symmetry. It is estimated by inverting sep
rately the upper and lower parts of the fringes. This is sho
in Fig. 4~c! for fringe No. 20. The relative precision on th
minimum density is observed to be of the order of 50%.
the contrary and because of the large fringe shift, the un
tainty in the exact position of the fringe leads to a relative
small uncertainty in the calculated density. The duration
the probe beam is'600 ps; thus, it was not possible t
measure precisely the density profile at earlier times. T
electron density profiles measured along the propagation
~fringes No. 5, 10, 15, 20, and 25! are presented in Fig. 4~d!.
It appears that, after the low-density region, the channe
formed all along the gas jet and that the density profile o
slowly depends on the position inside the jet.

A time-resolved Schlieren diagnostic was used to de
mine the radial evolution of the plasma-gas interface. Figu
5~a! and 5~b! show time-integrated images of the plasma
two different delays between the pump and probe bea
respectively,2250 and1250 ps. By imaging the refracte
probe rays on the slit of a streak camera, as shown in
5~b!, we can resolve the radial plasma expansion in time
typical result is shown in Fig. 5~c!. Together with the expan
sion of the outer edge of the plasma, the first bell-like zo
on the left, one can observe several emitting zones at l
times. The physical origin of these refracting regions is n
clearly understood. It could be due to the dynamics of
focusing laser pulse in the evolving density profile. Fro
Fig. 5~c!, we plot the radius of the outer edge of the plasm
as a function of time in Fig. 5~d!. We observe a rapid initia
expansion which tends to saturate at longer times. The di
eter of 500mm at saturation is in rather good agreement w
the interferometric measurements shown in Fig. 4~b!, giving
an external diameter between 400 and 600mm.

A typical time-resolved Thomson scattering spectrum o
tained in the gas jet is shown in Fig. 6~a!. In contrast with
spectra obtained in the gas-filled chamber@Fig. 3~a!#, we
observe in this case a convergence of the red and blue e
tron satellites as a function of time, which indicates a stro
decrease of the electron density with time on the laser a
This behavior has been observed at various positions a
the gas jet. From the scattered intensity as a function of t
and assuming that the maximum intensity is reached at
maximum of the laser pulse, we can also observe on th
spectra@Fig. 6~b!# that a significant ionization takes plac
earlier in the pulse than in the case of a gas-filled cham
This is in agreement with the strong defocusing occurring
the latter case, thus decreasing the laser intensity. The
axis electron density is deduced from the wavelengths of
electron satellites which are clearly visible on both sides
the ion peak~always attenuated by a factor of 100! and are
shifted by the Bohm-Gross frequency. The time evolution
the electron satellites indicates a strong decrease of the
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axis electron density from 731019 to 231019cm23 during
the interaction process.

Time-integrated but space-resolved spectra along the l
axis show full ionization of the plasma even in the vicinity
the gas-vacuum interface. This is shown in Fig. 7. The e
tron density deduced from the spectrum of Fig. 7~a! and

FIG. 5. ~a! and ~b! Time-integrated Schlieren images of th
plasma produced in the gas jet~E525 J, nat'331019 atoms/cm3!
for two different delays between the probe and pump beams:~a!
probe 250 ps before pump,~b! probe 250 ps after pump.~c! Time-
resolved Schlieren images obtained by imaging the plasma on
slit of the streak camera as shown in~b!. ~d! Position of the gas-
plasma interface as function of time.
er

c-

presented in Fig. 7~b! is in good agreement with the neutr
density profile of the jet only if we assume a full ionizatio
of the helium gas. As underlined in the preceding section
full ionization of the gas is a crucial requirement if one wan
to guide a subsequent high-intensity laser pulse.

The evolution of the electron temperature has been
tained by the analysis of electron and ion features of
Thomson scattering spectra. A typical ion feature is shown
Fig. 8~a!. The scattered light is time resolved with a stre
camera with a temporal resolution of 150 ps limited by t
spectrometer~spectral resolution is 1.3 Å!. The two satellites
are separated by twice the ion acoustic frequencyv ia
5kiocs5 f (Te ,Ti), wherekio is the ion wave vector andcs is
the ion acoustic velocity in the plasma. The shift of bo
satellites at the beginning of the signal is most probably d
to the blueshift of the laser beam itself during the ionizati
phase. The distance between the two peaks as a functio
time is plotted in Fig. 8~b!. By fixing the ratioTe /Ti , we can
deduce an upper and a lower limit for the electron tempe
ture as a function of time. It will be plotted with all othe
temperatures and compared with simulations in Sec. III.

A time-resolved measurement of Raman-backscatte
spectra gives us independant information on the elec
temperature. Raman spectra at three different pressure

he

FIG. 6. ~a! Time-resolved Thomson scattering spectra in the
jet at 45° to the laser axis (E525 J). ~b! Spectrally integrated in-
tensity in the electron satellite as function of time:~1! gas jet with
nat'331019 atoms/cm3, ~2! gas-filled chamber at 380 Torr (nat

'1.231019 atoms/cm3), and ~3! gas-filled chamber case at 76
Torr (nat'2.431019 atoms/cm3). In each case, the maximum of th
signal is positioned att5530 ps.
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presented in Fig. 9. We also show in this figure the Brillou
backscatter feature at the highest pressure. The total
louin reflectivity is of the order of 10%, whereas the Ram
reflectivity is only of the order of 0.01%. On this spectra, w
see that the Raman signal stops early in the laser pulse
that its duration does not exceed 250 ps. As a result of
plasma heating, the temperature increases, whereas the
sity decreases as a function of time. Landau damping of
electron plasma waves becomes dominant whenkpld'0.3
@20# (kp'2k0 is the wave vector of the SRS driven plasm
waves!. We neglect here the effect of the laser field on t
electron distribution function, which could slightly modif
this criterion. However, this is not very important at our las
intensity, which stays most of the time below 1015W/cm2.
From the position of the Raman cutoff in time~time t50
corresponds to the beginning of the ion signal!, we can de-
duce the value of the electron temperature at this time. Th
values are plotted in Fig. 9~d! and are in good agreemen
with the other diagnostics. It is clear from these results t
the plasma heating is more rapid at higher densities, whic
in agreement with collisional heating being the dominant
sorption mechanism~see Sec. III!.

C. Channel optimization

The formation of the channel and its evolution in tim
depend on the laser energy and gas-jet pressure. Thu

FIG. 7. ~a! Space-resolved Thomson-scattering spectra near
edge of the gas jet (E525 J,nat'331019 atoms/cm3). ~b! Electron
density deduced from~a! with the Bohm-Gross relation, neglectin
the thermal correction. Dots, red satellite; circles, blue satellite
il-
n
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en-
e
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channel parameters can be modified by adjusting these
two parameters and by selecting the appropriate time d
after the gas-jet ionization. Experimentally, we observed
effect of the laser energy and of the gas atomic density.

The time evolution of the density near the laser axis
deduced from the Thomson scattering spectra. Spectra
tained at three different pressures and a laser energy of 2
are shown in Figs. 10~a!–10~c!. It is observed that the reduc
tion in density between the initial density~measured at the
beginning of the electron satellite! and the final density~at
the end of the satellite! is independant of the initial densit
and is of 2.2–2.4. These on-axis electron densities are
relatively good agreement with the interferometric dens
profiles shown in Fig. 11. We emphasize here that, as alre
mentioned, the precision in the estimation of the on-a
electron density from Thomson-scattered spectra is be
than from the interferograms themselves. We can see f
Figs. 10 and 11 that by changing the initial backing press
~or equivalently the initial neutral density! we can change the
density profile and provide a channel with an adjustable a
density.

Thomson spectra at three different laser energies~24, 10,
and 3 J! are shown in Figs. 10~d!–10~f!. We can see from
these spectra that the variation of the on-axis density is
affected by the decrease in laser energy. However, the ra
evolution is slower at lower laser energy. An example of
interferogram at a laser energy of 3.5 J is shown in F
12~a!. The plasma is slightly shorter~1.8 mm! than at high
energy and the radius~100 mm! is significantly smaller. The
density profiles deduced from the interferograms are co
pared in Fig. 12~b!. If the radius is smaller at low energy, th
density difference~from minimum to maximum! remains
comparable (531019cm23 compared to 731019cm23).

Thus, by changing the laser energy and the atomic
density, as well as the time delay after ionization, it see
possible to adjust the channel parameters to guide a l

he

FIG. 8. ~a! Time-resolved Thomson-scattering spectra on
acoustic waves in the gas jet at 45° to the laser axis (E525 J, nat

;331019 atoms/cm3). ~b! Separation between the ion peaks of F
7~a! as a function of time.
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beam with a given radiusw0 , at a given densityne , and with
a required density difference between the axis and radiusw0

given by @9# Dne51/r 0pw0
2, where r 0;2.82310215m is

the classical electron radius, a given radius.

IV. ANALYSIS OF THE RESULTS AND PHYSICS
OF CHANNEL FORMATION

A. Hydrodynamic simulations

In addition to the analysis of the experimental data,
used two different hydrodynamics codes to interpret the p
cesses causing channel formation: the one-dimensiona
diation hydrodynamics codeMULTI @22# and the two-
dimensional codeFCI2 @23#. With MULTI we were able to
study the radial hydrodynamic motion of the plasma arou
the laser axis close to the focal position. This code solves
hydrodynamic equations in Lagrangean coordinates, it
cludes electron heat transport, and it uses tabulated equa

FIG. 9. ~a!–~c! Time-resolved Raman and Brillouin backsca
tered spectra for three different gas-jet pressures:~a! nat52.5
31019 atoms/cm3, ~b! nat51.731019 atoms/cm3, and ~c! nat51.2
31019 atoms/cm3. ~d! Electron temperature deduced at the time
Raman Landau cut off for different gas-jet pressures~this is not a
temperature evolution with time, but a single point for each sho!.
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ra-
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of-state~EOS! data. Multigroup radiation transport, which
of minor importance in the present context, is also solv
using tabulated opacity data. For the present purpose
used the version for cylindrical geometry. Since the cylind
axis r 50 corresponds to the laser propagation axis, la
energy deposition was imposed in a volume aroundr 50
using divSz5dSz/dz52KSzz(r) in the energy equation
~whereSz stands for the laser flux andK for the absorption
coefficient being proportional to the collisional frequency!.
In addition toMULTI , we used the 2D codeFCI2 to compute
the propagation of the beam inside the plasma with a
ray-tracing routine coupled to the hydrodynamic equatio
FCI2 describes essentially the same physics asMULTI , how-
ever, on a coarser grid, with 400 ray trajectories. It allow
us to see beam trapping effects via its 2D-ray-tracing m
ule.

Several physical mechanisms are not included in b
codes.

~i! The fast dynamical evolution of field and tunnel io
ization as well as effects beyond the validity of local therm
equilibrium~LTE! what concerns EOS and opacity data@24#.
However, in the current context, ionization processes hap
in the very early stage, say, withint,100 ps of the 600-ps-
FWHM-long laser pulse. An exact description of ionizatio
should include a calculation of the seeded avalanche br
down initiated by multiphoton ionization. The laser intens
used in the experiment is high enough to produce direct m
tiphoton ionization of a fraction of the helium gas, which
then heated by collisional absorption. Subsequent ioniza
occurs through collisions, at a time which depends on
initial electron density, temperature, and neutral dens
Characteristic times given by collisional ionization rates@25#
vary from a few ps (P'760 Torr) up to 110 ps for the criti-
cal case of a neutral density of 1018cm23 with an electron
temperature of 50 eV. Experimentally, the helium gas is fu
ionized in the gas jet very early in the pulse frame, and e
in the case of a gas-filled chamber at low pressureP
'38 Torr), the temperature is high enough to induce co
plete collisional ionization of helium. In the simulations wit
the codes, the fast ionization dynamics was therefore skip
and we assumed for simplicity from the beginning compl
ionization of the He gas in the volume aroundr 50 where
the laser intensity exceeded 1014W/cm2 ~since the corre-
sponding volume is larger than the volume where most of
laser deposition takes place, the simulation results prove
to be too sensitive with respect to this somewhat arbitr
choice of a threshold intensity!.

~ii ! Ponderomotive modifications and thus self-focusi
are not taken into account self-consistently. InMULTI we
simply assumed that the radial laser intensity profile keep
Gaussian bell-like shape for the entire run. However, e
for calculations that take into account self-focusing effec
the necessary information concerning the laser beam pr
in amplitude and phase would be incomplete: the shap
the generic LULI laser beam is, as for most of the power
laser beams, far from an ideal Gaussian laser beam. It is
the other hand, quite evident that intense laser beams, w
tend to self-guiding connected with purely ponderomot
channel formation, are trapped within a radius that is sma
than or of the same order as the focal radius of the ente
laser beam. Under the current experimental conditions,

f
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FIG. 10. Time-resolved Thomson-scattering spectra for three different gas-jet pressures~a! nat52.531019 atoms/cm3, ~b! nat51.7
31019 atoms/cm3, and~c! nat51.231019 atoms/cm3 and laser energies,~d! EL524 J, ~e! EL510 J, and~f! EL53 J.
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would correspond to radii of the order ofr ,15– 20mm.
Although ponderomotive self-focusing is certainly prese
we stress that the observed radial evolution of the plas
and formation of a channel is beyond the corresponding
dial dimensions. Thus the radial evolution of the plasma i
the surrounding He gas for radiir .20mm is not governed
by ponderomotive or thermal self-focusing effects.

B. Comparison of experimental data with numerical
simulations

To take into account the possible ionization defocus
effect, the laser spot radiusr s was varied in the simulations
The comparison between the experimental and simula
evolution of the electron density on the laser axis is shown
Fig. 13. The experimental density is deduced from Fig. 6
the two different shots. The small thermal correction in t
Bohm-Gross relation has been taken into account to ob
the values shown in Fig. 13.~Temperature measurements a
discussed in the next paragraph.! The error bars inne are
mainly determined by the temperature uncertainty and do

FIG. 11. Electron density profile as a function of gas-jet pr
sure (E525 J) with nat5331019 atoms/cm3 ~solid line! and nat

51.531019 atoms/cm3 ~dotted line!.
t,
a

a-
o

g

d
n
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e
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ot

include the spectral width of the satellite. In spite of t
simplified description of the local laser profile in the simul
tion, which could induce a discrepancy in the temporal b
havior, good agreement is obtained for a radius range
tween r s51.5r 0 and 2.3r 0 , wherer 0 is the laser spot size
measured in vacuum. The electron density drops from
31019cm23 down to about 231019cm23, which is attained
just after the laser pulse maximum. With a larger radiusr s
57.3r 0), the predicted density evolution is much too slow
fit the experimental data. However, with a radius close
2.3r 0 , a change of the laser energy by an order of magnit

-

FIG. 12. ~a! Time-integrated interferogram in the gas jet (nat

;331019 atoms/cm3) for a pulse energyE53.5 J (I Lvacuum57
31014 W/cm2). ~b! Electron density profile obtained from interfero
grams of Fig. 4~a! and ~a! of this figure.E53.5 J ~solid line! and
E525 J ~dotted line!.
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~not presented in the figure! does not significantly affect the
density depletion on axis. This explains why plasma ch
nels are formed in the gas jet, even at low energy, while t
are not observed in the case of gas-filled chambers w
ionization-induced refraction significantly increases the la
spot size.

From the time-resolved Schlieren images, such as sh
in Fig. 5~c!, we measure the evolution of the position of t
peak of the electron density gradient in the plasma. A co
parison of the experimental data with the correspond
MULTI simulation results is shown in Fig. 14. As the pro
pulse duration is 600 ps, the experimental expansion in
14 has been obtained from shots with two different del
between the pump and probe beams. These curves show
the expansion front associated with the plasma-gas inter
and the corresponding electron density gradient is fast an
the order of 107 cm/s during the first 200 ps. This is a supe
sonic motion even with respect to the sound speed assoc
with the highest temperature usually measured (Tmax
,250 eV). A rapid decrease in the expansion rate is see
occur 100 ps after the maximum of the interaction pul

FIG. 13. Electron density evolution in the gas jet. Circle
e lectron density deduced from Fig. 6 with the Bohm-Gross re
tion, taking into account the thermal correction. These two sh
correspond to the most different density evolutions observed exp
mentally. Solid line: electron density given by the simulation f
our experimental parameters and a focal spot sizer s51.5r 0 and
r s52.3r 0 . Dotted line: r s57.3r 0 ; r 0 andr s are, respectively, the
radius of the focal spot in vacuum and the input radius in the sim
lation.

FIG. 14. Position of the gas-plasma interface as a func
of time ~gas jet case: E525 J, nat;331019 atoms/
cm3): experiment~dotted line! and simulation~solid line! with
r s52.3r 0 .
-
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where the radial expansion velocity is reduced from 1
3107 to 53106 cm/s. This behavior will be discussed in th
next section, Sec. IV C, on the physical processes govern
the channel expansion.

The experimental and numerical values of the elect
temperature are plotted in Fig. 15. As explained in Sec.
considering the ion acoustic frequencyv ia given by @20#

v ia52v0F S 12
ne

nc
D S Z* Te /~11k2lD

2 !13Ti

Ampc2 D G1/2

,

whereA is atomic number,mp the proton mass,c the speed
of light, Z* the average ionization state, andne and nc the
electron and critical densities, respectively, we can deduc
upper and a lower limit for the electron temperature by fixi
the ratioTe /Ti . These two limits are in good agreement wi
the temperature deduced from the ratio between the ion
electron satellites of Fig. 6. Within the uncertainty of th
measured temperature, we also observe good agreement
the simulation: the temperature follows the laser pu
shape and reaches a maximum close to 250 eV, 100 ps
fore the peak of the pulse. The fact that the temperat
follows the laser pulse shape is consistent with inve
bremsstrahlung being the main heating mechanism. The
that the maximum occurs before the peak of the pulse
explained by the decrease of electron density, which indu
a decrease of the collisional absorption, sufficient to red
the temperature before the maximum laser intensity
reached. A small discrepancy is observed near the end o
interaction where the experimental value ofTe decreases
more rapidly than in the simulations. This could explain t
discrepancies observed in Fig. 14 of stagnation of the ch
nel expansion compared to simulation.

C. Discussion

Our simulations with both codes show evidence that
radial expansion of the electronic density gradient is due
an electronic heat wave driven by the collisionally absorb

:
-

ts
ri-

-

n

FIG. 15. Summary of experimental electron temperaturesE
525 J, nat;331019 atoms/cm3) and comparison with simulation
results ~solid line!. The experimental temperature deduced fro
Fig. 7 is calculated for two cases:Te /Ti51 ~triangle! andTe /Ti

53.5 ~square!. The temperature deduced from the ratio between
ion and electron satellites of Fig. 6~a! is plotted in dots. The tem-
perature deduced from Raman backscattering is plotted for a L
dau cutoff value ofkpld50.3 ~star! andkpld50.35 ~cross!.
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laser flux. The energy deposition takes place around the
within a radius corresponding to that of the laser beam.
times t.100 ps, the radius of the front of the plasma-g
interface is already considerably larger than that of the be
The cylinder surface of the heated plasma tends to bec
small compared with that of the heat front so that self-sim
solutions apply@26#. Anisimov @27# found that above a cer
tain flux the corresponding solution is associated with a
personically propagating electronic heat wave expand
with r h(t);t1/2 into the unperturbed material, i.e., the co
gas, surrounding the heat source (r h being the radial position
of the heat front!. At lower driving fluxes, as seen in som
experiments@7,9,10#, the governing expansion is a shoc
wave when the heat source is too weak to drive a supers
heat front.

The parameters of the current experiment correspon
the electronic heat-wave case. The good agreement betw
the experimentally observed interface and the simulati
~see Fig. 14! indeed confirms this interpretation. Figure 1
displays the electron temperature profiles obtained byMULTI

simulations; the fact that the time intervals shown are equ
spaced,dt5200 ps, illustrates that the speed of the h
front, vh , slows down after the strong heating occurring d
ing the rising laser pulse is finished fort.400 ps, i.e.,
vh(t)5drh /dt;t21/2. Later, aboutt.1.5 ns, the speed o
the heat wave drops below the sound speed and the sim
neously existing shock wave takes over to become the g
erning expansion mechanism.

The hydrodynamic motion behind the heat-wave fro
however, happens on the acoustic time scale. Both the s
lations@see Fig. 17~a!# and the density profiles deduced fro
the experiments@see Fig. 17~b!# show that in the course o
time a ‘‘concave’’ radial density profile forms with densit
maxima larger than the initial densityn0 @here, in Fig. 17~a!,
6.531019cm23] close to the heat front and a minimum b
low the initial densityn0 at r 50. We see a typical densit
difference of 20%–25% between the axis and a radius
about 100mm. Self-guiding effects are shown in Fig. 1
using the ray-tracing module of theFCI2 code. It is seen tha

FIG. 16. Radial temperature profiles obtained in the simulat
~E525 J andr s52.3r 0) for ~a! 10 ps,~b! 200 ps,~c! 400 ps,~d! 600
ps,~e! 800 ps, and~f! 1 ns~the maximum of the pulse is positione
at t5600 ps). In the time interval 0–200 ps, the speed of the th
mal front is of the order of 53107 cm/s and thus considerabl
higher than the sound speed, which is of the order of;107 cm/s.
Later, in the interval 0.8–1 ns, the speed of the thermal front
decreased to values ('107 cm/s! similar to the sound speed.
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a significant fraction of the light beams does not diverge,
stays within a radiusr ,200mm along the laser propagatio
axis ~note that rays closer tor 50 have a higher flux than
outerbound rays!.

V. CONCLUSIONS

The results presented in this paper concern the forma
and characterization of a plasma channel produced by

n

r-

s

FIG. 17. ~a! Channel formation in the simulation forE525 J
and r s52.3r 0 . The different curves correspond to success
times: t15100 ps, t25200 ps, t35600 ps, t45800 ps, andt5

51 ns. ~b! Comparison between experimental and simulated e
tron density profiles. Experiment: fringe No. 20 of Fig. 4~a!
~dots!. Simulation: E525 J, nat'331019 atoms/cm3 with radius
r s51.5r 0 ~solid line! and r s52.3r 0 ~dashed line!.

FIG. 18. FCI2 hydrosimulation of the interaction of a 600 ps las
beam with a 3 mmhelium gas jet: snapshot of ray trajectorie
taken 200 ps before the pulse maximum shows a trapping ef
For clarity, only a few rays~1 out of 20! have been drawn.
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interaction of a 600 ps laser beam with a helium gas
Radial electron density profiles measured by interferome
have shown an electron depletion, easily satisfying the o
cal guiding conditions for a second pulse, which could
focused on the edge of the gas jet, at the channel entra
The electron density evolution along the propagation a
has been time resolved by Thomson scattering in the ga
as well as in the gas-filled chamber. The comparison
tween these two cases has shown that the use of the ga
efficiently limits the refraction of the interaction pulse, gi
ing a spot size radius in the plasma sufficiently small
create the channel. The radial expansion is also time
solved, and Thomson scattering off electron waves and
acoustic waves has provided electron temperature mea
ments. These measurements are in good agreement
simulations which indicate that the electron density chan
is induced by the hydrodynamic motion behind an elect
ns
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heat wave. The presented scheme appears to be a very
ible method to produce channels. It does not require hi
intensity laser pulses as for relativistic self-guiding schem
and offers good control of the electron density by chang
the laser energy and gas-jet pressure. Furthermore, the
plete ionization of helium prevents any ionization-induc
refraction of the guided pulse. The use of longer gas
promises the production of still longer channels.
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