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Formation of plasma channels in the interaction of a nanosecond laser pulse at moderate
intensities with helium gas jets

E. De Wispelaeré,V. Malka! S. Huler,? F. Amiranoff! S. Batont R. Bonadio! M. Casanova,F. Dorchies
R. Haroutuniart,and A. Modena
!Laboratoire pour I'Utilisation des Lasers Intenses, Unitéxte No. 7605, CNRS-CEA-Ecole, Polytechnique-UniveFiitere et Marie
Curie, Ecole Polytechnique, 91128 Palaiseau Cedex, France
2Centre de Physique Theque, Centre National de la Recherche Scientifique, Ecole Polytechnique, 91128 Palaiseau Cedex, France
SCommissariat d'Energie Atomique, Bruyres-le-Chael, Bote Postale 12, 91680 Bruges-le-Chael, France
“Imperial College, London, United Kingdom
(Received 26 August 1998; revised manuscript received 28 January 1999

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-dimens{dBaland 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 befpive Malka et al, Phys. Rev. Lett79, 2979(1997)].
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[. INTRODUCTION driven plasma waveguide generategld 2 TW laser beam
(I>10"®W/cn?) in a hydrogen gas jet. No direct measure-
Applications of ultraintense laser-matter interaction phys-ments of the radial and longitudinal density profiles were
ics such as laser-driven electron accelerafitr3], x-ray  performed in these experiments. A very different technique
lasers[4], high harmonic generatiofb], or inertial confine- used by Ehrlichet al. [15] consists in forming the plasma
ment fusion[6], usually require that a high-intensity laser channel by a slow capillary discharge. The guiding of a
pulse propagate over a long distance. To achieve this, th&0'®W/cn? laser pulse over 10 Rayleigh lengttiscm) has
laser beam has to overcome natural diffraction, characterizelseen demonstrated under these conditions, but the plasma
by the so-called Rayleigh length. was not fully ionized and the electron density could not be
Various mechanisms have been considered to increase tlecreased below ¥cm™3. Guiding of terawatt laser pulses
interaction length. Milchbergt al. created plasma channels by hollow capillary tubes has also been tested by several
by focusing a 100 ps laser pulgd GW) into a gas-filled groups[16,17 through measurements of transmitted laser
chamber with an axicon lens. The formation of a radial shoclenergy.
wave at the plasma-gas interface results in a fiberlike density In this paper, we present detailed results on the experi-
profile. The density profile in this case was uniform along themental realization of fully ionized plasma channels. These
laser axis, but the plasma was not fully ioniZed. An in-  channels are obtained by focusing a 600 ps laser beam at
complete ionization of the interacting plasma can be of greatnoderate intensity (£68-10W/cn?) on the edge of a he-
importance when considering refraction effef83. Never-  lium gas jet. This study demonstrates that the use of a gas jet
theless, the guiding of a “low-intensity” beam (¥ov/cn?)  is a way to avoid both ionization-induced refraction of the
in these channels has been demonstrg@elD] over 70 Ray- guided intense puls¢l8] and refraction of the channel-
leigh lengths(2.2 cm and a 5< 10" W/cn? pulse has been producing pulse. Our results show that the electron density is
guided over 1 cm with a transmitted energy of 30%. In thedepleted along the laser axis over the whole length of the gas
past few vyears, relativistic and ponderomotive self-jet (2.5 mm) and that the electron density can be adjusted by
channeling have been realized by several teqiris-13.  changing the laser energy and gas pressure. In order to dem-
These mechanisms provide a way to generate a guidingnstrate the importance of refraction effects, we also inves-
structure during the laser pulse itself. More recently, Krushtigated the density evolution by focusing the laser beam in a
elnick et al.[14] have demonstrated the guiding of an intensegas-filled chamber. We show that the helium gas is fully
pulse (>5x10"*W/cn?) injected into a ponderomotively ionized, but that refraction strongly modifies the plasma ex-
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pansion compared to the gas-jet case, leading to the absen Interferometric or

of any useful channel. These studies have been performe strioscopic diagnostic

with a complete set of diagnostics such as Thomson scatte 8

ing, stimulated Raman backscattering, Schlieren imaging SPECTRO ° SPECTRO
and interferometry. These diagnostics give us information or [STREAK CAMERA STREAK CAMERA
the electron temperature and evolution of the electron den RAMANBACKSCATTERING /__ NQSONSCATHZRNGMS%
sity profile. Preliminary results on gas jets and their compari- I /

son with 1D simulations are presented in Rieif9]. Addi- | f/2.5// o
tional results are presented on the interaction in a gas-fille ' X Focal imaging
chamber, as well as on the channel formation and measur \Ii____ 7= MmscopeCCD
ment of the plasma parameters in various laser and gas-jl pumpbeam: E~257

" . . . . - /3 73 f712.5
conditions. Two-dimensional simulations also show that par s Gas jot
of the ionizing beam is guided in the evolving channel.

The paper is organized as follows: The experimental
setup is presented in Sec. Il. Section Il is devoted to the
experimental results. The case of focusing in a gas-filled
chamber is compared with the case of a gas jet. We then FIG. 1. Experimental set-up
discuss, in Sec. IV, physical processes that contribute to the
formation of the plasma channel in the gas jet. Experimentajrom the incident laser beam and resolved both temporally
results are compared with simulations using 1D and 2Dand spectrally by a spectrometer-streak camera system. In
codes. In Sec. V, we summarize and discuss the main expetigdition to these parameter measurements, a similar system
mental results and outline the perspectives. is used to obtain the time-resolved Raman-backscattered

spectra.

Mach-Zehnder Interferometer

Probe beam: = 600 ps
A= 530 nm

II. EXPERIMENTAL SETUP

The experiments were performed at the Laboratoire pour lll. EXPERIMENTAL RESULTS

I'Utilisation des Lasers Intensed ULI) with an infrared In the following section we describe the experimental re-
(A =1.053um) neodymium-glass laser beam, linearly po-sults obtained in the gas-filled chamb@&ec. Il A) and in
larized and frequency doubled to 0.52f with a maximum  the gas jetSec. Ill B). The gas-filled chamber experiments
energy of 25 J on target. The pulse duration was 600 ps fulyre presented to outline the defocusing effects on the inter-
width at half maximum(FWHM) with a Gaussian shape. action beam induced by ionization. This effect does not al-
The 90-mm-diam laser beam was focused withfhdou-  |ow the formation of a plasma channel. In Sec. 1B, the
blet lens to a 2§m-diam focal spo{FWHM) (7 times the  results are compared with gas-jet experiments, where the
diffraction limit of a perfect Gaussian beanand the inten-  channel can be easily produced. The optimization of this
sity in vacuum reached %10 W/cn?. The experimental channel is discussed in Sec. IIl C.

Rayleigh length, defined as the length over which the maxi-

mum intensity decreases by a factor of 2, is measured to be

about 250um. The laser beam was focused either in a gas- A. Gas-filled chamber experiments

filled chamber or on a pulsed helium supersonic gas jet The interferogram in Fig. 2 corresponds to a plasma re-
(Mach 4-3. The gas jet is produced by means of a fast opsulting from the focusing of a laser pulse in a gas-filled
erating valve and a convergent-divergent Laval nozzle. Th@hamber. In order to keep a sufficient radial resolution, three
rise time(1 m9 of the fast valve and the duration of the gas different interferograms have been taken at different posi-
puff (2-3 mg were measured using Schlieren techniques. Ations along the plasma. The helium pressure is 760 Torr, and
1 mm under the exit of the cylindrical nozzle, which has anthe plasma is produced ava 6 mmlength and a 90Qum
inner diameter of 2.5 mm, the neutral density in the centefyidth. The filamentary structures seen at the right of the
can be adjusted between '#Gand 3x<10"atomscm® In  interferogram are probably due to the presence of hot spots
the higher-density case, the density gradient at the edge @i the laser beam. They are also present in the middle of the
the jet isAn,=2.5x 10" atoms/crd over 450um. plasma, so that it is not possible to assume the cylindrical

To obtain interferograms and Schlieren images, a 600 psymmetry necessary to deduce the radial electron density
collimated probe beam at 0.526m propagates through the profile via Abel inversion.

plasma at 90° to the interaction beaisee Fig. 1 All
Mach-Zehnder interferograms presented in this paper corre-
spond to time-integrated images of the plasma, recorded 53
ps after the interaction beari.e., the delay between the
peaks of the pump beam and the probe beam is 5R0Ass
we will see subsequently, the plasma expansion at this time
is sufficiently slow to obtain in most cases well-defined
fringes during the 600 ps probe beam duration. In order to
measure the evolution of the plasma parametetsctron FIG. 2. Time-integrated interferograms of the plasma produced
density and electron temperatyreself-emitted Thomson in the chamber filled with helium gasP& 760 Torr, full energy
scattering is collected with afy2.5 achromatic lens at 45° shotE=25J).
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(a) from this graph that the helium gas is indeed fully ionized.
P=38 torrs P=190 torrs This was observed in all our experiments, even when the
laser energy was decreased down to 1 J, which corresponds
to a laser intensity in vacuum close to't@v/cn?. As will
be explained in Sec. IV, this is due to the fact that the heating
is efficient enough to produce plasma temperatures high
enough to reach the second ionization state of helianan
energy of 54 eV. Looking at the temporal behavior of the
electron satellites in Fig.(d), we see that the position of the
satellites is constant in time, which means that the electron
density does not change during the interaction time. It should
be noted that the peak intensity of the electron satellites ap-
pears later in time when the pressure is decreasgg, (
=100 ps at 780 Torr against 350 ps at 380 Torr, with a time
origin corresponding to the beginning of the satellitesug-

\  P=380 torrs

P=760 torrs

0 gests that at higher pressures the creation of the plasma oc-
S L—> ) (nm) curs near the maximum of the pulse. This is explained by the
483 526.5 575 fact that the ionization-induced refraction reduces the peak
(b) laser intensity, this effect being more efficient at higher pres-
6000 e sures. The next section on gas-jet experiments confirms this
L T T T T T EEEEEREED) .
. ] conclusion.
5800 F
2 5600 | B. Gas-jet experiments
g, 5400 In order to observe the efficient propagation of an intense
g’ 5200 K pulse in a plasma waveguide, the pulse to be guided should
§ 5000 £ not be defocused by ionization-induced refraction before and
- f after entering the plasma channel. The use of the gas jet
4500 ¢ 1 prevents defocusing in front of the gas jet. However, to pre-
4600 Dol bl il 1 vent refraction inside the channel, it is also essential that the

0 100 200 300 400 500 600 700 800

P gas be fully ionized. As shown here, this will be the case
ressure (torrs)

inside the gas jet.

FIG. 3. (@) Time-resolved Thomson-scattering spectra at 45° to 10 measure the radial electron density profiles as well as
the laser axis for different helium pressures in the chamiger ( the density and temperature evolution, we performed, respec-
=25J). The ion peak is attenuated by a factor of 1@).Wave- tively, interferometric imaging of the plasma and Thomson
length of the electron satellite as a function of the pressure in theelf-scattering on electron and ion acoustic perturbations.
chamber. The theoretical positions corresponding to the first anéfurthermore, to characterize the channel expansion, we have
second ionization states of helium are plotted, respectively, byime-resolved the Schlieren imaging of the plasma. A time-
dashed and solid lines. resolved Raman backscattering measurement is also pre-

sented at the end of this section to provide an independent

To determine the evolution of the electron density, time-measure of the temperature.
resolved Thomson scattering of the interaction beam was An interferogram obtained when focusing the laser beam
performed. Light is collected at 45° with respect to the laseft full energy on the edge of the helium gas jet is shown in
axis and the slit of the streak camera limits the source radiatig. 4(a). As the plasma is generated about 500 ps before the
size to 50um. In order to measure both the ion and electronmaximum of the creation pulse, this interferogram gives us a
features on a single shot, the ion peak was attenuated byradial electron density profile about 1.1 ns after its creation.
factor of 100[Figs. 3a) and 6. In this picture the laser propagates from the right to the left.

Thomson-scattered spectra in the gas-filled chamber ang the right part of the picture, we see the transition between
presented for different values of the helium pressure in Figunshifted fringes and fairly shifted fringes which indicate the
3(a). The electron satellites are clearly visible on both sideplasma-vacuum boundary. The radial plasma size is about
of the ion peak according to the Bohm-Gross dispersion re300 um in diameter, and the plasma covers the whole length
lation given by [20] w=(w;+3k%{)"% where w, (2.5 mm) of the gas jet. As the plasma diameter in the gas-
=(n.e%/meo)Y? is the electron plasma frequendy,is the filled chamber was 90Qum, this first indicates that self-
electron plasma wave numbéifference between the scat- defocusing of the laser beam is greatly reduced with the gas
tered wave number and the wave vector of the incident lasget, as already shown by several teah8,21. The plasma
pulsekg), andv; is the electron thermal velocity. The wave- length is limited by the dimension of the gas jet itself.
lengths corresponding to the red and blue satellites of the Assuming cylindrical symmetry, we can deduce the radial
electron spectra are plotted as a function of the gas pressuedectron density profile from the interferogram via Abel in-
in Fig. 3(b). The lines correspond to the theoretical positionsversion. A characteristic radial density profile is plotted in
for the first and second ionization states neglecting the therFig. 4(b) for fringe No. 20[cf. Fig. 4@)]. In contrast to the
mal correction in the Bohm-Gross frequency. It is obviouscase of the gas-filled chamber, where no electron density
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(@) depletion could be measured, the profile presents a density
Gas jet extension minimum on axis. The electron density increases from 2
< > X 10°cm™3 on axis to < 10'%cm ™ at a radius of 16Qum,
lmm |, Laser and the density difference is already higher that? &t 3 at

a radius of 30um. The on-axis electron density deduced
from this interferogram is in good agreement with the time-
resolved measurements obtained by Thomson scattering and
presented later in this section. The largest source of errors in
the calculation of the density profile is a possible deviation

i

! :I" ' g | [l from cylindrical symmetry. It is estimated by inverting sepa-
(il : L] L] rately the upper and lower parts of the fringes. This is shown
n°25 n°20 n°15 0n°10 ©n°s in Fig. 4(c) for fringe No. 20. The relative precision on the

minimum density is observed to be of the order of 50%. On
the contrary and because of the large fringe shift, the uncer-
T T T tainty in the exact position of the fringe leads to a relatively
] small uncertainty in the calculated density. The duration of
i 1 the probe beam is=600 ps; thus, it was not possible to
610"°[ ] measure precisely the density profile at earlier times. The
i ] electron density profiles measured along the propagation axis
] (fringes No. 5, 10, 15, 20, and R&re presented in Fig.(d).
A ] It appears that, after the low-density region, the channel is
2 1019:— 3 formed all along the gas jet and that the density profile only
I ] slowly depends on the position inside the jet.
A time-resolved Schlieren diagnostic was used to deter-

Electron density (cm™%)
S
=)

0 b o o8 ot f o e 4 2 35015 S8 8050 5 & 505 3 )
-400 -300 -200 -100 O 100 200 300 400

Radius (um) mine the radial evolution of the plasma-gas interface. Figures
5(a) and 8b) show time-integrated images of the plasma for
© two different delays between the pump and probe beams,
14 10*® e respectively,—250 and+250 ps. By imaging the refracted
~1210%°F ] probe rays on the slit of a streak camera, as shown in Fig.
g 110°F E 5(b), we can resolve the radial plasma expansion in time. A
= o typical result is shown in Fig.(6). Together with the expan-
% B0 E sion of the outer edge of the plasma, the first bell-like zone
° 6107 3 on the left, one can observe several emitting zones at later
£ 410 ] times. The physical origin of these refracting regions is not
B 51094 E clearly understood. It could be due to the dynamics of the
: ] focusing laser pulse in the evolving density profile. From
B et Tuo 50 600 50 01 556 100 Fig. 5(c), we plot the radius of the outer edge of the plasma
Radius (um) as a function of time in Fig. (). We observe a rapid initial

expansion which tends to saturate at longer times. The diam-
eter of 500um at saturation is in rather good agreement with

ko2 1020:"“ S R AR AR RAAREAARES the interferometric measurements shown in Figp) 4giving
o~ 110200 f n° 25 E an external diameter between 400 and GO0.
g of 1 A typical time-resolved Thomson scattering spectrum ob-
z 8107 ] tained in the gas jet is shown in Fig(a. In contrast with
§ 610 , ] spectra thai_ned in the gas-filled chamipeig. 3(@)], we
g 4100k ] observe in this case a convergence of the red and blue elec-
§ ; ] tron satellites as a function of time, which indicates a strong
m 210" L ] decrease of the electron density with time on the laser axis.

This behavior has been observed at various positions along

%100 500 200 100 0. 100 505 500, A6 the gas jet. From the scattered intensity as a function of time
Radius (jum) and assuming that the maximum intensity is reached at the
maximum of the laser pulse, we can also observe on these
FIG. 4. () Time-integrated interferogram in the gas jet for a SPeCtralFig. &b)] that a significant ionization takes place
pulse energy E=25J (| yacur=5X10°Wicm?) and n,~3  e€arlierin the pulse than in the case of a gas-filled chamber.
X 101%atoms/cri. The time delay between the pump and probe This is in agreement with the strong defocusing occurring in
beams is 530 ps for all interferograntb) Electron density profile the latter case, thus decreasing the laser intensity. The on-
for fringe No. 20 marked with white dots if@). (c) Electron density ~ axis electron density is deduced from the wavelengths of the
profiles deduced at a given point along the propagation axis fronglectron satellites which are clearly visible on both sides of
the upper and lower parts of the interferogréininge No. 20. (d)  the ion peaklalways attenuated by a factor of J0énd are
Electron density profiles deduced from fringes No. 5, 15, 20, andshifted by the Bohm-Gross frequency. The time evolution of

25. the electron satellites indicates a strong decrease of the on-
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FIG. 6. (a) Time-resolved Thomson scattering spectra in the gas
jet at 45° to the laser axisE(=25J). (b) Spectrally integrated in-
tensity in the electron satellite as function of timg1) gas jet with
na~3%10®atoms/cm, (2) gas-filled chamber at 380 Tormy
) ~1.2x10*atoms/crm), and (3) gas-filled chamber case at 760
B0 it Torr (ny~2.4x 10 atoms/cm). In each case, the maximum of the
s 1 signal is positioned at=530 ps.
250 F R o
E _— 1 presented in Fig. (b) is in good agreement with the neutral
g 200 | . . dens _ : ( e neut
g : / ] ensity profile of the jet only if we assume a full ionization
§ 150 [ / ] of the helium gas. As underlined in the preceding section, a
kel C / ] full ionization of the gas is a crucial requirement if one wants
= 100t /’ ] to guide a subsequent high-intensity laser pulse.
50 [ The evolution of the electron temperature has been ob-
: / ] tained by the analysis of electron and ion features of the
00' 200 400 600 800 1000 1200 Thomson scattering spectra. Aty_pical ion feature? is shown in
Time (ps) Fig. 8(@. The scattered light is time resolved with a streak

camera with a temporal resolution of 150 ps limited by the
FIG. 5. (& and (b) Time-integrated Schlieren images of the spectrometetspectral resolution is 1.3)AThe two satellites
plasma produced in the gas j@=25J, n,~3x10atoms/cd)  zre separated by twice the ion acoustic frequensy
for two different delays between the probe and pump begr(a): =ki,cs= f(Te,T;), Wherek, is the ion wave vector anci is
probe 250 ps before pumfh) probe 250 ps after pumgc) Time- e jon acoustic velocity in the plasma. The shift of both
resolved Schlieren images obtained by imaging the plasma on thgyejites at the beginning of the signal is most probably due
slit of the streak camera as shown(l. (d) Position of the gas- ;46 piyeshift of the laser beam itself during the ionization
plasma interface as function of time. phase. The distance between the two peaks as a function of
time is plotted in Fig. &). By fixing the ratioT./T;, we can
axis electron density from 10" to 2x10cm™® during  deduce an upper and a lower limit for the electron tempera-
the interaction process. ture as a function of time. It will be plotted with all other
Time-integrated but space-resolved spectra along the lasegmperatures and compared with simulations in Sec. Ill.
axis show full ionization of the plasma even in the vicinity of A time-resolved measurement of Raman-backscattered
the gas-vacuum interface. This is shown in Fig. 7. The elecspectra gives us independant information on the electron
tron density deduced from the spectrum of Figa)7and temperature. Raman spectra at three different pressures are
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460 = - 0 } Time (ps)
< T
5A
LASER Wavelength
. (0) (a (b)
810 | —
710" . FIG. 8. (a) Time-resolved Thomson-scattering spectra on ion
‘g 610'° B acoustic waves in the gas jet at 45° to the laser akis 25 J, ny
= T | ~3x10%atoms/cm). (b) Separation between the ion peaks of Fig.
§ o T 7(a) as a function of time.
S 410 9— T -
= 191 _]
g ‘ 1019 Tﬁm channel parameters can be modified by adjusting these last
2 2107 T% 7 two parameters and by selecting the appropriate time delay
110" . after the gas-jet ionization. Experimentally, we observed the

L+t Ll L.l effect of the laser energy and of the gas atomic density.
0 100°200 300 400 500 600 700 800 The time evolution of the density near the laser axis is
ropagation axis (lLm) .
deduced from the Thomson scattering spectra. Spectra ob-
FIG. 7. (@) Space-resolved Thomson-scattering spectra near thiained at three different pressures and a laser energy of 2.5 J
edge of the gas jeff{=25 J, n,~3x 10" atoms/c). (b) Electron ~ are s_hown in Figs. ](ﬁ)—l((c)._ Itis obser\_/ed that the reduc-
density deduced frorte) with the Bohm-Gross relation, neglecting tion in density between the initial densityneasured at the
the thermal correction. Dots, red satellite; circles, blue satellite. beginning of the electron satelljt@and the final densityat

o o . the end of the satelli)eis independant of the initial density
presented in Fig. 9. We also show in this figure the Brillouingg is of 2.2—2.4. These on-axis electron densities are in

backscatter feature at the highest pressure. The total Bri}'elatively good agreement with the interferometric density

louin reflectivity is of the order of 10%, whereas the Raman, .« =, ;
S ' ; profiles shown in Fig. 11. We emphasize here that, as already
reflectivity is only of the order of 0.01%. On this spectra, We nentioned, the precision in the estimation of the on-axis

see that the Raman signal stops early in the laser pulse a : . .
that its duration does not exceed 250 ps. As a result of th%ﬁiectron density from Thomson-scattered spectra is better

plasma heating, the temperature increases, whereas the d jan from the interferograms jthemse!vg; We can see from
sity decreases as a function of time. Landau damping of th gs. 19 and 11 tha’.[ t.)y changing the initial backing pressure
electron plasma waves becomes dominant ~0.3 or equwale_ntly the |n|t|§1l neutral dens)t_yve can c_hange the_
[20] (k,~ 2k, is the wave vector of the SRS driven plasmadens!ty profile and provide a channel with an adjustable axial
waves. We neglect here the effect of the laser field on thedensity. _
electron distribution function, which could slightly modify ~ Thomson spectra at three different laser energés 10,
this criterion. However, this is not very important at our laserand 3 J are shown in Figs. 1@)-10f). We can see from
intensity, which stays most of the time below'1@v/cn?. these spectra that the variation of the on-axis density is not
From the position of the Raman cutoff in tinfgme t=0 affected by the decrease in laser energy. However, the radial
corresponds to the beginning of the ion signale can de- evolution is slower at lower laser energy. An example of an
duce the value of the electron temperature at this time. Thedeterferogram at a laser energy of 3.5 J is shown in Fig.
values are plotted in Fig.(8) and are in good agreement 12(a). The plasma is slightly shortéf..8 mm) than at high
with the other diagnostics. It is clear from these results thaenergy and the radiud 00 um) is significantly smaller. The
the plasma heating is more rapid at higher densities, which idensity profiles deduced from the interferograms are com-
in agreement with collisional heating being the dominant abpared in Fig. 1). If the radius is smaller at low energy, the
sorption mechanisnsee Sec. i\ density difference(from minimum to maximurh remains
comparable (% 10'°°cm ™3 compared to X 10'%cm3).

Thus, by changing the laser energy and the atomic gas

The formation of the channel and its evolution in time density, as well as the time delay after ionization, it seems
depend on the laser energy and gas-jet pressure. Thus thessible to adjust the channel parameters to guide a laser

C. Channel optimization
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of-state(EOS data. Multigroup radiation transport, which is
of minor importance in the present context, is also solved
(614 526.5 using tabulated opacity data. For the present purpose we
T T . L ; )
-0 used the version for cylindrical geometry. Since the cylinder
. (a) axis r=0 corresponds to the laser propagation axis, laser
energy deposition was imposed in a volume arourd0
using divS,=dS/dz=—KSz(r) in the energy equation
(whereS, stands for the laser flux arid for the absorption
coefficient being proportional to the collisional frequency
In addition tomuLTI, we used the 2D codeci2 to compute
the propagation of the beam inside the plasma with a 2D
— 500 ray-tracing routine coupled to the hydrodynamic equations.
Y FcI2 describes essentially the same physicsasTi, how-
(b) ever, on a coarser grid, with 400 ray trajectories. It allowed
\ us to see beam trapping effects via its 2D-ray-tracing mod-
ule.
Several physical mechanisms are not included in both
codes.

(c) (i) The fast dynamical evolution of field and tunnel ion-
ization as well as effects beyond the validity of local thermal
equilibrium (LTE) what concerns EOS and opacity dg24].
However, in the current context, ionization processes happen
in the very early stage, say, withta< 100 ps of the 600-ps-

(d) FWHM-long laser pulse. An exact description of ionization

S R I should include a calculation of the seeded avalanche break-
?352‘540 aiom ] down initiated by multiphoton ionization. The laser intensity

Wavelength (nm)

Time (ps)

200

n, =2.2.10" at/cm’ ] used in the experiment is high enough to produce direct mul-
] tiphoton ionization of a fraction of the helium gas, which is
{,151.7.1019 atfem® ] then heated by collisional absorption. Subsequent ionization
g occurs through collisions, at a time which depends on the

i %i initial electron density, temperature, and neutral density.
50 [ n,=1.2.10" at/em’] Characteristic times given by collisional ionization rat2s]

i vary from a few ps P~760 Torr) up to 110 ps for the criti-
Bl e st et g n o cal case of a neutral density of ¥@m~2 with an electron
50 100 150 200 250 temperature of 50 eV. Experimentally, the helium gas is fully
-BLmIE (P ionized in the gas jet very early in the pulse frame, and even

FIG. 9. (a—(c) Time-resolved Raman and Brillouin backscat- Qggl?ofgsethgf t(ilmgi?z-aftlﬂfg ighh?n;]bgaofﬁ LO\;\(I) ﬁ]rgjieu CEor(n-
tered spectra for three different gas-jet pressuréal n,=2.5 7 . .p . . 9 9 . . .
x 101°atoms/cr, (b) n,=1.7x10atoms/crf, and (¢) n=1.2 plete collisional ionization of helium. In the simulations with
y | y t— L . . . . .
x 10" atoms/crf. (d) Electron temperature deduced at the time of € codes, the fast ionization dynamics was therefore skipped
Raman Landau cut off for different gas-jet pressuftéis is not a and we assumed for simplicity from the beginning complete

temperature evolution with time, but a single point for each)shot ionization of the He gas in th? volume around 0 where
the laser intensity exceeded 4@v/cn? (since the corre-

beam with a given radius,, at a given density, and with  sponding volume is larger than the volume where most of the
a required density difference between the axis and raglius laser deposition takes place, the simulation results prove not
given by [9] An,=1/rymw3, wherer,~2.82<10 **m is  to be too sensitive with respect to this somewhat arbitrary

150 |-

100 |

Electron temperature (eV)

the classical electron radius, a given radius. choice of a threshold intensijty
(i) Ponderomotive modifications and thus self-focusing
IV. ANALYSIS OF THE RESULTS AND PHYSICS are not taken into account self-consistently. MOLTI we
OF CHANNEL FORMATION simply assumed that the radial laser intensity profile keeps a

Gaussian bell-like shape for the entire run. However, even
for calculations that take into account self-focusing effects,
In addition to the analysis of the experimental data, wethe necessary information concerning the laser beam profile
used two different hydrodynamics codes to interpret the proin amplitude and phase would be incomplete: the shape of
cesses causing channel formation: the one-dimensional réhe generic LULI laser beam is, as for most of the powerful
diation hydrodynamics codevuLTi [22] and the two- laser beams, far from an ideal Gaussian laser beam. It is, on
dimensional coderci2 [23]. With MuLTI we were able to the other hand, quite evident that intense laser beams, which
study the radial hydrodynamic motion of the plasma aroundend to self-guiding connected with purely ponderomotive
the laser axis close to the focal position. This code solves thehannel formation, are trapped within a radius that is smaller
hydrodynamic equations in Lagrangean coordinates, it inthan or of the same order as the focal radius of the entering
cludes electron heat transport, and it uses tabulated equatiolaser beam. Under the current experimental conditions, this

A. Hydrodynamic simulations
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(a) (b) (©

ne=5x1019 e7/cm3 ne=3.4x1019 ¢-/cm3 =2.4x1019 e/cm3
1

Time
ne=2.1x1019 e-/cm3 n=1.5x1019 e/cm3 ne=1.1x1019 e"/cm3
800 ps .
P (@) © M

n=5x1019 e”/cm3 n.=4.5x1019 e”/cm3 n=5x101% e”/cm3

Time

ne=2x1019 e”/cm3 ne=2.2x101% e”/cm3 n=2.1x1019 e-7cm3

Wavelength

FIG. 10. Time-resolved Thomson-scattering spectra for three different gas-jet presurgs=2.5x 10'°atoms/cm, (b) ny=1.7
x 10 atoms/cm, and(c) n,=1.2x 10'°atoms/cm and laser energied) E, =24 J, (e) E,=10J, and(f) E, =3 J.

would correspond to radii of the order of<15—20um. include the spectral width of the satellite. In spite of the
Although ponderomotive self-focusing is certainly presentsimplified description of the local laser profile in the simula-
we stress that the observed radial evolution of the plasm#on, which could induce a discrepancy in the temporal be-
and formation of a channel is beyond the corresponding rabavior, good agreement is obtained for a radius range be-
dial dimensions. Thus the radial evolution of the plasma intdweenrs=1.575 and 2.3, wherer is the laser spot size
the surrounding He gas for radii>20um is not governed measured in vacuum. The electron density drops from 6.5

by ponderomotive or thermal self-focusing effects. X 10™cm™2 down to about X 10™cm™3, which is attained
just after the laser pulse maximum. With a larger radius (
B. Comparison of experimental data with numerical =7.3), the predicted density evolution is much too slow to
simulations fit the experimental data. However, with a radius close to

2.3, a change of the laser energy by an order of magnitude
To take into account the possible ionization defocusing 0 g 9y by g

effect, the laser spot radiug was varied in the simulations.
The comparison between the experimental and simulated

evolution of the electron density on the laser axis is shown in l 1 " ‘ I
Fig. 13. The experimental density is deduced from Fig. 6 for 3

the two different shots. The small thermal correction in the ," ",} ” }
Bohm-Gross relation has been taken into account to obtain l""( { ”

the values shown in Fig. 18Temperature measurements are

discussed in the next paragraphThe error bars im, are
mainly determined by the temperature uncertainty and do not

1.4 10*° g
- 1.2 10*°F ]
i & : P S ]
7 810°f ] z 8107 b i ]
< ; £ 610" - | ]
P 197 3 E
26107 7 = 1of
5 [ e 410 C ]
2 4107k . 2 2100k k
= = P
2 2100 a (1] SIS A RN A S AT
= i -400 -300 -200 -100 O 100 200 300 400
of ‘ ‘ | '-‘" ‘ J r J Radius (1m)
-400 -300 -200 -100 0 100 200 300 400 o . . .
Radius (um) FIG. 12. (a) Time-integrated interferogram in the gas jet,(

~3x10%atoms/c) for a pulse energyfE=3.5J (| yacuun=7
FIG. 11. Electron density profile as a function of gas-jet pres-x 10**Wi/cn?). (b) Electron density profile obtained from interfero-
sure E=25J) with ny=3x10*atoms/cm (solid line) and n,, ~ grams of Fig. 4a) and (a) of this figure.E=3.5J(solid line) and
=1.5x 10" atoms/cm (dotted ling. E=25J(dotted line.
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FIG. 13. Electron density evolution in the gas jet. Circles:

lect density deduced f Fig. 6 with the Bohm-G | FIG. 15. Summary of experimental electron temperatuies (
€ lectron densily deduced from F1g. & wi € Bonm-Gross rela-_ 55 5 1~ 3% 10°atoms/cr) and comparison with simulation

tion, taking into account_ the thermal_ correctlc_m. These two shot§esults (solid line). The experimental temperature deduced from
correspond to the most different density evolutions observed exper}

e N ; . kig. 7 is calculated for two casesT/T;=1 (triangle) and T /T;
mentally. .SOhd line:  electron density given by thg simulation for =3.5(squarg. The temperature deduced from the ratio between the
our experimental parameters and a focal spot sgzel.?:ro and ion and electron satellites of Fig(& is plotted in dots. The tem-
rs=2.3,. Dotted line: r,=7.3r,; ro andrg are, respectively, the

di f the focal G d the inbut radius in the si perature deduced from Raman backscattering is plotted for a Lan-
Irzti(l)%s ot the focal spot in vacuum and the nput radius In the SIMUq 4 cytoff value okp\¢=0.3 (sta) andky\4=0.35(cross.

wip= 2w

(not presented in the figureloes not significantly affect the wher7e the radial expansion velocity is reduced from 1.5

density depletion on axis. This explains why plasma chan> 10" t0 5_><106 cm/s. This behavior \_N'" be discussed in th?

nels are formed in the gas jet, even at low energy, while they!€Xt S€ction, Sec. IVC, on the physical processes governing

are not observed in the case of gas-filled chambers wherd® channel expansion. ,

ionization-induced refraction significantly increases the laser '€ experimental and numerical values of the electron

spot size. temperature are plotted in Fig. 15. As e>_<p|a|ned in Sec. Il

From the time-resolved Schiieren images, such as showfonsidering the ion acoustic frequeney, given by[20]

in Fig. 5(c), we measure the evolution of the position of the * 2y 2 12

peak of the electron density gradient in the plasma. A com- ( — E) (Z Te/(11k );D)+3T‘ } ,

parison of the experimental data with the corresponding Ne AmyC

MULTI simulation results is shown in Fig. 14. As the probe

pulse duration is 600 ps, the experimental expansion in FigwhereA is atomic numbermn, the proton mass; the speed

14 has been obtained from shots with two different delaysf light, Z* the average ionization state, and and n. the

between the pump and probe beams. These curves show tteéctron and critical densities, respectively, we can deduce an

the expansion front associated with the plasma-gas interfaagoper and a lower limit for the electron temperature by fixing

and the corresponding electron density gradient is fast and afe ratioT./T;. These two limits are in good agreement with

the order of 1¢m/s during the first 200 ps. This is a super- the temperature deduced from the ratio between the ion and

sonic motion even with respect to the sound speed associatetectron satellites of Fig. 6. Within the uncertainty of the

with the highest temperature usually measuref,( measured temperature, we also observe good agreement with

<250eV). A rapid decrease in the expansion rate is seen tihhe simulation: the temperature follows the laser pulse

occur 100 ps after the maximum of the interaction pulseshape and reaches a maximum close to 250 eV, 100 ps be-
fore the peak of the pulse. The fact that the temperature

follows the laser pulse shape is consistent with inverse

300 AR - bremsstrahlung being the main heating mechanism. The fact
250 ¢ Slmation e that the maximum occurs before the peak of the pulse is
~ 200 : ﬂ/ . ] explained by the decre_za_se of electror_1 density, _Which induces
g [ / ] a decrease of the collisional absorption, sufficient to reduce
Z 150 | 1 the temperature before the maximum laser intensity is
£ :
24

reached. A small discrepancy is observed near the end of the
interaction where the experimental value Bf decreases
more rapidly than in the simulations. This could explain the

| ‘» discrepancies observed in Fig. 14 of stagnation of the chan-

0 200 400, 60(() )800 1000 1200 nel expansion compared to simulation.
ime (ps

100 |

50 [

- . . C. Discussion
FIG. 14. Position of the gas-plasma interface as a function

of time (gas jet case:E=25J, n,~3%x10Y atoms/ Our simulations with both codes show evidence that the
cnt):  experiment(dotted lin@ and simulation(solid ling) with radial expansion of the electronic density gradient is due to
rs=2.3g. an electronic heat wave driven by the collisionally absorbed
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FIG. 16. Radial temperature profiles obtained in the simulation
(E=25J and 4=2.3) for (a) 10 ps,(b) 200 ps,(c) 400 ps,(d) 600
ps, (e) 800 ps, andf) 1 ns(the maximum of the pulse is positioned
att=600 ps). In the time interval 0—200 ps, the speed of the ther-
mal front is of the order of %10’ cm/s and thus considerably
higher than the sound speed, which is of the order-df)’ cm/s.
Later, in the interval 0.8—1 ns, the speed of the thermal front has
decreased to values<(10’ cm/9 similar to the sound speed.

Electron density (cm’>

laser flux. The energy deposition takes place around the axis
within a radius corresponding to that of the laser beam. For L
times t>100ps, the radius of the front of the plasma-gas -400 -300 -200 -100 0 100 200 300 400

interface is already considerably larger than that of the beam. Radius (jum)

The cylinder surface of the heated plasma tends to become FIG. 17. () Channel formation in the simulation fa=25J
small compared with that of the heat front so that self-similar, \, \."_% 3 11c different curves correspond to successive
solutions applyf26]. Anisimov [27] found that above a cer- times:s t1.=100'0 DS, t,=200 ps, t;= 600 ps, t,=800ps, andts

tain flux the corresponding solution is associated with a su= 1 5. (b) Comparison between experimental and simulated elec-
personically propagating electronic heat wave expandingon density profiles. Experiment: fringe No. 20 of Fig(a
with ry(t) ~t" into the unperturbed material, i.e., the cold (dotg. Simulation: E=25J, ny~3x 10®atoms/crd with radius
gas, surrounding the heat soureg being the radial position =15, (solid line) andr.=2.3, (dashed ling

of the heat front At lower driving fluxes, as seen in some ] ] )
experiments[7,9,10, the governing expansion is a shock & significant fraction of the light beams does not diverge, but

wave when the heat source is too weak to drive a supersonft@ys within a radius<200u.m along the laser propagation

heat front. axis (note that rays closer to=0 have a higher flux than
The parameters of the current experiment correspond tguteroound rays

the electronic heat-wave case. The good agreement between

the experimentally observed interface and the simulations V. CONCLUSIONS

(see Fig. 14 indeed confirms this interpretation. Figure 16 1pe yequits presented in this paper concern the formation

d]splay_s the electron temperature profiles obtainedibyr and characterization of a plasma channel produced by the
simulations; the fact that the time intervals shown are equally

spaced,dt=200 ps, illustrates that the speed of the heat 0.1 He
front, v;,, slows down after the strong heating occurring dur- o
ing the rising laser pulse is finished far-400ps, i.e., 0.08 F -+
vh(t)=dr,/dt~t~ Y2 Later, aboutt>1.5ns, the speed of N
the heat wave drops below the sound speed and the simulta- T 006
neously existing shock wave takes over to become the gov- =
erning expansion mechanism. T~ o004+

The hydrodynamic motion behind the heat-wave front,
however, happens on the acoustic time scale. Both the simu- 0.02 _/ ”Z N\ /
lations[see Fig. 17a)] and the density profiles deduced from &\\ ‘
the experiment$see Fig. 1{)] show that in the course of . RSN
time a “concave” radial density profile forms with density 4 0 9 2 3 4
maxima larger than the initial densiby [here, in Fig. 17a), z (mm)

6.5x 10°cm 9] close to the heat front and a minimum be-

low the initial densityn, atr=0. We see a typical density FIG. 18.Fciz hydrosimulation of the interaction of a 600 ps laser
difference of 20%-25% between the axis and a radius obeam wih a 3 mmhelium gas jet: snapshot of ray trajectories
about 100um. Self-guiding effects are shown in Fig. 18, taken 200 ps before the pulse maximum shows a trapping effect.
using the ray-tracing module of thee12 code. It is seen that For clarity, only a few ray$1 out of 20 have been drawn.
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interaction of a 600 ps laser beam with a helium gas jetheat wave. The presented scheme appears to be a very flex-
Radial electron density profiles measured by interferometryble method to produce channels. It does not require high-
have shown an electron depletion, easily satisfying the optintensity laser pulses as for relativistic self-guiding schemes
cal guiding conditions for a second pulse, which could beand offers good control of the electron density by changing
focused on the edge of the gas jet, at the channel entrancge laser energy and gas-jet pressure. Furthermore, the com-
The electron density evolution along the propagation axigjete jonization of helium prevents any ionization-induced

has been time resolved by Thomson scattering in the gas j@éfraction of the guided pulse. The use of longer gas jets
as well as in the gaS-fllled chamber. The comparison bepromises the production of still |Onger channels.

tween these two cases has shown that the use of the gas jet
efficiently limits the refraction of the interaction pulse, giv-
ing a spot size radius in the plasma sufficiently small to
create the channel. The radial expansion is also time re-
solved, and Thomson scattering off electron waves and ion The authors would like to acknowledge the support of C.
acoustic waves has provided electron temperature measur€eulaud and of all the technical teams of LULI. We would
ments. These measurements are in good agreement wilke to thank Z. Najmudin for fruitful discussions and K.
simulations which indicate that the electron density channeEidmann for the tabulated ionization data that were used in
is induced by the hydrodynamic motion behind an electrorthe MuLTI simulations.
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