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The formation and evolution of density channels created by the interaction of a short bright (600 fs,
5 X 10" Wem™2 um?) laser pulse with a preformed plasma are studied by means of experiments and
2D patrticle-in-cell (PIC) simulations. Hollow density channels are observed by interferometry, and
a fast radial expansiofs X 10® cm/s) is measured. Magnetic fields around 50 MG inferred from
Faraday rotation measurements suggest the occurrence of self-focusing. The PIC simulations support
this hypothesis and show ion depletion during the laser pulse as well as radial expansion in agreement
with experiments. [S0031-9007(98)05299-5]

PACS numbers: 52.40.Nk, 52.25.Rv, 52.50.Jm, 52.70.Kz

With the progress of compact short-pulse multiterawatthannel evolution (radial expansion of the channel after the
laser systems [1], it has become possible to explore thiaser pulse), and (iii) the existence via Faraday rotation of
domain of relativistic laser pulse propagation and channaielativistic electron currents accelerated in the forward di-
formation in an underdense plasma. These are topics oéction during the laser pulse. Among other consequences,
considerable interest for the fast ignitor (FI) concept [2],these results suggest the self-focusing of the laser pulse and
relevant to the inertial confinement fusion (ICF) studies.a strong local heating of the plasma.

Indeed, the ultimate interest of this concept relies on The experiments are performed with the P102 CPA
the penetration of a short and bright laser pulse in thdaser system [1] at CEALV. A long creation laser pulse
overdense core and the generation of the electrons thi& focused by af /6 lens through a random phase plate
will ignite the fuel. However, to cross the underdense(RPP) onto a CH (polystyrene) foil (0.3 80 wm thick),
corona without energy losses, this pulse is planned t85° above the target normal. Thik058 um, 750 ps
propagate into a hollow channel. Channel formation ha&WHM duration laser pulse has an average intensity
been observed for several years with subrelativistic lasesf 3-5 X 10'> Wecm™2 (90% of 5 J is contained in a
pulses [3]. Density depression in the channel and densit#00 um focal spot). After a time delay, from 200 ps
increase on its walls are caused by the combined effects dlefore to 1 ns after the maximum of the creation pulse, the
transverse ponderomotive force, space-charge fields, amdibpicosecond frequency-doubled interaction beain-at
plasma heating. The channel formation process can &9 nm is focused on the preformed plasma witlf &
enhanced [4] by the cumulative effects of ponderomotiveoff-axis parabola at normal incidence and on the same side
and relativistic self-focusing [5] which increase drasticallyof the target as the creation beam. This 600 fs (FWHM)
the laser intensity, as shown recently in 3D simulations [6]duration interaction beam has a maximum energy of 10 J,
Moreover, the evacuated channel can act as a beam se#f4 X 5 um? focal spot (containing~20% of the laser
propagation guide, as seen recently [7]. energy), and a temporal contrast ratio better th@f: 1 up

In this Letter, we present direct measurements and 2o 30 ps before the maximum of the pulse. The remaining
particle-in-cell (PIC) simulations that show the dynamicspart of the energy is widely spread and does not contribute
of subpicosecond relativistic laser pulse self-channeling irto the high intensity interaction. This leads to a maximum
a fully ionized underdense plasma in the presence of aroduct intensity times the wavelength squared of =
density gradient. The PIC simulations quantitatively re-5 X 10'® W cm™2 um?.
produce the experimental results at early and long times. A diagnostic beam()(35 wm wavelength, 1 ps pulse du-
Therefore we rely on the PIC simulation to describe theration) is used to probe the plasma in the transverse di-
channel formation during the laser pulse since this is not direction 0 to 200 ps after the interaction beam. Using a
rectly accessible by interferometry. These results are comA/ollaston interferometer, this short pulse allows 2D, time-
plementary to the ones of Borghedial. [7] as we put in  resolved density measurement of the preformed plasma
evidence (i) the local dynamics of channel formation (ionand of the generated channel with a spatial resolution bet-
depletion during the laser pulse), (ii) the local dynamics ofter than5 uwm [8]. The electron density is inferred by
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Abel inversion of the interferograms. It is ramped from and their symmetric portion. For a slightly higher inten-
vacuum to densities well above the critical density. Insity (7A?> = 4 X 10'® W cm 2 um?) we observe at earlier
the fully ionized underdense tail, the profile is approxi-time a nearly evacuated channel in its ending part as shown
mated by a functionl0~*/%, wherex is the coordinate in Fig. 2. The radial density profile in the region of strong
along the propagation axis. By varying the delay betweemarrowing exhibits a-70% relative density perturbation
the creation pulse and the interaction pulse as well as then axis.
thickness of the target it is possible to adjust the density In steepened density profilesL & 100 um lead-
scale length(L) in the 100-600 wm range. The maxi- ing for the interferometry to a lower cutoff density
mum density that can be probed is arodngt 10 cm™3  ~2 X 10?° cm™?) and at higher intensities/ {> ~ 5 X
for L ~ 200-300 wm. The refraction of the probe beam 10'® Wcm 2 um?), the channeling begins at higher
at higher densities produces the high-density dark area thdensities(=10' cm™3) as diagnosed by interferometry.
can be seen at the right of Figs. 1 and 2. As a consequencé/e then observe a transition from one channel to sev-
the evolution of the channel is hidden beyond this bounderal density filaments as the density comes close to the
ary. Faraday rotation measurementsia& 1.058 um 2 X 10%° cm~3 boundary. This could be the signature of
from the unconverted part of the 1 ps probe beam are usdseam breakup [4]. However, on some shots, we observe
to detect transverse self-generated magnetic fields. again a single and narrov2q wm in diameter at 5 ps
Typical channel structures are shown in Figs. 1 andlelay) channel in the denser regions. This transition could
2. At an intensity off A2 = 3 X 10'® Wem 2 un?, for  be the result of fluid outflow that fills up some filaments.
L ~ 200-300 uwm, and 5 ps after the laser pulse has in- By varying the time delay between the interaction beam
teracted with the target, a channel starting at low densitieand the probe beam, we analyze the channel evolution at
can be seen at the left of the interferogram in Fig. 1(a)a density around0? cm3 and forL ~ 200 um. The
On both Figs. 1 and 2 the laser vacuum focal spot liesadius of the channel for the first picoseconds of the
on the target plane which is well off~100 uwm) on the evolution is shown in Fig. 3. From the slope of this curve,
right of the high-density dark area border. The polarizawe measure an initial radial velocity of the expansion of
tion of the laser beam is linear and parallel to the surface of X 10® cm/s. Late time evolution=100 ps) shows a
these images. The background density profile is shown idrastic slowing of the expansion.
Fig. 1(b). The inferred radial density profile at a density Another observation in these experiments is the pres-
of 10%° cm™3 [Fig. 1(c)] shows a maximum density per- ence of a large toroidal magnetic field along the propa-
turbation of about-20% on axis. The profiles shown are gation axis in the underdense plasma during and after the
the result of an averaging process involving a large numkaser pulse. This can be seen in Fig. 4 in the case of a
ber of fringes on both sides of the pointed fringe. For eactsteep density profiléL ~ 100 xwm) and during the laser
fringe, we consider separately the top and bottom segmengailse. The analyzer is rotated by°féom extinction and
the polarization rotation angle is deduced in the usual way
B 102 [9] from the ratio between the signal and the background
level. By measuring on the same shot the local electron
density from the interferograms we deduce the amplitude
of the magnetic field [9]. The maximum magnetic field
amplitude deduced from Fig. 4 is located at a density near
10%° cm™3. Several similar measurements made during
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FIG. 1. (a) Interferogram showing the relativistic interaction My, T T———
beam channeling; (b) density profile along the propagation axis; 30 20 -10 0 10 20 30
(c) radial density profile extracted at a densityl0?° cm 3. radius (itm)

Error bars in the radial density profile take into account

uncertainties on the background density and the fringe patterRIG. 2. Interferogram and radial density profile in the vicinity
localization. The3.3 X 10'"® Wem™2 um? interaction beam of a nearly evacuated channel. The X 10'®* Wem™2 un?
comes 500 ps after the creation beam on 3heum foil and interaction beam comes 800 ps after the creation beam on the
the probe beam 5 ps after the interaction beam. 30 um foil and the probe beam 3 ps after the interaction beam.
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B0 T T o Two-dimensional Cartesian PIC simulations have been
303 um CCPI{Ifiglh performed with physical parameters close to the experi-
= pm o © mental conditions. The plasma density profile is a piece-
wise linear function ranging fron0.025x#, up to 2n.
fitting the experimental density of Fig. 1(b). This den-
sity is followed by a flat slab of densit¥n. that models
the overdense plasma of the experiment. The system size
- is approximately460k, ' X 1650k, ' (36 X 130 wm?).
] There are 21 grid points per wavelengtids = 0.3k; ')
S 0 200 and a total of about60 X 10° particles. The time step

2 4 6 8 10 is0.28w, '. The initial temperature of electrons is 4 keV.

probe/interaction delay (ps) We verify that this choice, related to numerical stability

FIG. 3. Radial expansion of the channel edge as a functioh€@s0ns, is justified as, in the simulation, the interaction
of the delay between the probe beam and the interaction bearpulse heats in tens of fs the surroundings of the channel at
The slope gives & X 10° cm/s expansion velocity. Inset: a mean energy above 100 keV by parametric instabilities
Late time evolution. [10]. The laser beam is incident from the left and has a

i o i shape, intensity, and polarization (which is parallel to the
the laser pulse give a magnetic field amplitude between 78 .t5ce of the images shown in Fig. 5) similar to the ex-

and 35 MG. The polarigrams also show that the magnetige imental one with a maximum amplitude corresponding
field decreases in th_e lower density part of the profll_e,[O 12 =5 x 10" Wem™2 um?.  For economical rea-
Such a Faraday rotation has been observed only at full insos the pulse length has been reduced by a factor of 2.
teraction beam intensity. The magnetic field amplitude isrpjs reduces the total energy by the same factor. Particles
seen to decrease rapidly with a time constastps. It |eaying a simulation box in the transverse direction or

is also worth noticing that the density at which the self-y,rgh the overdense plasma are absorbed and replaced
generated quasistatic magnetic field appears agrees well

with the onset of the channel in the case of steepened prc
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FIG. 5(color). Two-dimensional PIC Cartesian simulations in
FIG. 4. Polarigram taken during the interaction of4g X the same experimental conditions as in Fig. 1 (see text for
10'® Wem™2 um? laser pulse with a heatedd um foil. The  simulation details). (a) Map of the laser Poynting vector value
bright pattern is due to the polarization rotated probe beanfscale is in fraction of its initial maximum), (b) quasistatic
under the effect of a 35 MG static magnetic field. The weakmagnetic field map (scale is in Megagauss), (c) ion density
exposure is due to the leakage from the® I0tation of the map (scale is in fraction af.), and (d) ion expansion velocity
analyzer. All the beams (creation, interaction, and probe) arenap (scale is expressed in units Iéf %c). (a) and (b) are at
time coincidents. the same time: 0.65 ps; (c) and (d) are at 1.25 ps.
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by particles at the initial temperature. This avoids un-whereas the energy distribution of the particles leaving the
physical heating related to periodic boundary conditiondox on the right-hand side give an approximate tempera-
in the transverse direction. The simulations were perture of 600 keV. Figure 1 can be understood in this self-
formed on 128 processors of a CYaBE. focusing frame: We expect the ion velocity to be higher at
Figure 5(a) shows the continuing self-focusing of thehigher densities (because the intensity is higher); this can
laser pulse at time 0.65 ps (i.e., when the maximum of thevercome the difference in spot sizes (as the beam diame-
pulse is within the channel). At a densityl0?° cm™3,  ter is reduced at higher densities) and make the channel
its diameter is reduced t62.5 um (compared to the ini- appear with an approximately constant diameter. On the
tial FWHM 5 um diameter), and its intensity is increased contrary, Fig. 2 could be the result of filamentation that
by a factor of 10. For visibility the plots have been lim- breaks the beam into filaments and strongly reduces the en-
ited tox = 1400k, ' (corresponding approximatelyto=  ergy and diameter of the remaining filament that succeeds
0.2 X n.). Figure 5(b) is a plot of the magnetic field as ato stabilize. Thus the formed channel would appear with a
function of space at the same time. The maximum magsmaller radius. At late times, as a result of the heating that
netic field amplitude is in the range of 50 MG, in agree-occurs at early times, plasma diffuses back into the wide
ment with the experimental observation. Figures 5(c) andlepleted channel. Indeed, the PIC simulation shows that,
5(d) are results at time 1.25 ps (i.e., the time at whichust after the laser pulse, ions are depleted below 1% of
the ending tail of the pulse has reached the right edge afside the channel, whereas 5 ps later depletion is only of
the simulation box). Figure 5(c) is a plot of the ion den-An/n = —20% as seen in Fig. 1(c).
sity, the electron density (not shown) being the same. The In summary, we observe the formation of channels
late simulation time has been chosen for direct comparisoalong the propagation axis of a relativistic subpicosecond
with Fig. 1. The initial plasma edge is at= 100k, '.  laser pulse in a density-gradient underdense plasma. The
The channel is clearly visible and significantly depletedplasma at the edge of the channel is accelerated to very
by the laser pulse (the density is a few percentoinside  large velocities5 X 108 cm/s). Magnetic fields are ob-
the channel). The edge density of the channel is almosterved with values around 50 MG during the laser pulse.
constant and in the randeln. to 0.2n.. Figure 5(d) is These results suggest a self-channeling of the laser pulse
a plot of they component of the ion fluid velocity as a in the plasma together with self-focusing and emission of
function of space. It clearly shows an expansion of thea strong electron current along the axis. They are in good
plasma edge with an approximate velocity in the range ofigreement with 2D PIC simulations. These experiments
(3-4) x 10® cm/s. Atthat time plasma is seen to diffuse bring interesting results for the FI laser guiding scheme.
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