VOLUME 79, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OTOBER 1997

Channel Formation in Long Laser Pulse Interaction with a Helium Gas Jet
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Experimental realization of an electron density channel created by a low intensity laser in a helium
gas jet is presented. The long (2.5 mm) plasma channel is fully ionized and thus prevents undesirable
refraction effects for propagation and guiding of a subsequent high intensity laser pulse. The channel
parameters are easily controlled and well suited for laser guiding. The radial plasma expansion and the
temperature evolution have been measured and compared to hydrodynamic simulations which show that
the plasma expansion is governed by a thermal wave during the laser pulse. [S0031-9007(97)04351-2]

PACS numbers: 52.40.Nk, 52.50.Jm

The propagation over a long distance of high intensitygas jet represents a simple and elegant solution to get high
laser beams in a plasma is a crucial requirement for lasentensity laser guiding without refraction due to ionization.
plasma acceleration schemes [1-3], x-ray lasers [4], higlt is important that the laser propagates in vacuum or in a
harmonic generation [5], and inertial confinement fusionfully ionized plasma before reaching the focal zone. By
[6]. All these schemes depend on the interaction lengthfocusing the laser beam on the sharp edge of the gas jet
which is typically limited by laser diffraction to a few and by using helium which is easily fully ionized, we can
times the Rayleigh length. Various mechanisms can helpe sure that the pulse to be guided does not propagate in
to overcome this limitation. Relativistic and ponderomo-any nonfully ionized plasma. In this Letter we present the
tive self-channeling [7,8] is the natural way to do this, but itfirst detailed demonstration of channel formation in the in-
is not easy to obtain. Self-guiding in a preformed channeteraction of a 600 picosecond laser beam with a helium gas
seems to be the most promising method to achieve propget. Our experimental results show that a long electron-
gation lengths of the order of ten times the Rayleigh lengthdepleted fully ionized channel is formed along the whole
Recent experiments have proven the feasibility of this idedength (2.5 mm) of the gas jet by hydrodynamic radial ex-
Durfee and Milchberg [9,10], have demonstrated the guidpansion due to collisional heating. Various diagnostics are
ing of a low intensity laser puls@0'* W/cn?) in anon-  used to measure the evolution of the channel. The evolu-
fully ionized plasma channel created by focusing anothetion of electron temperature and density are deduced from
laser pulse with an axicon in a gas-filled chamber. Clarkime resolved Thomson scattering. Radial hydrodynamic
and Milchberg [11] have recently characterized the evoluexpansion is measured by time resolved Schlieren imaging,
tion of this type of waveguide. In a recent experiment,and the electron depletion is deduced from interferometry.
Ehrlich et al. [12] demonstrated the guiding of an intense Comparison with a one-dimensional (1D) hydrodynamic
laser beam(10'® W /cn?) focused into a slow capillary code shows very good agreement with all of the experi-
discharge over a distance of 11 times the Rayleigh lengthmental data.

At high laser intensity and high plasma density the laser The experiment was performed at the Laboratoire pour
must propagate in vacuum before reaching the interactiohUtilisation des Lasers Intenses (LULI). The infrared
zone to avoid refraction effects due to ionization [13]. In(AL = 1.053 um) neodymium-glass laser beam is fre-
the case of a short (120 fs) and inteis@'” W/cn?) laser  quency doubled using a KDP crystal giving a maximum
pulse, it has recently been shown [14] that above a neutr@nergy of 25 Jat 0.52am. The laser is linearly polarized
density of10'® cm™3 the focused laser intensity is reduced at 45 compared to the horizontal plane. The pulse dura-
significantly (up to a factor of 10). The use of a heliumtion of the frequency-doubled pulse is 600 ps full width
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at half maximum (FWHM) with a Gaussian shape. TheFig. 2 for the position marked by the arrow in Fig. 1. In
90 mm diameter laser beam is focused on the edge of a hbeth cases, these profiles show a strong density depletion
lium gas jet with anf/3 doublet lens to a 2&m FWHM  on the laser axis. For example, in the lower intensity case,
diameter focal spot which is seven times the diffractionthe density varies from a value @fx 10" cm™3 on the
limit of a perfect Gaussian beam. The average laser interlaser axis to a peak &f X 10 cm™3 at a radial position
sity in vacuum is abouf X 10'> W/cn?. The Rayleigh of 100 um. Although the Abel inversion is not capable of
length calculated by geometric optics (considering the halfletermining the exact central value with high accuracy, the
width at half maximum of the laser intensity) is in rough measurements using Thomson scattering confirmed these
agreement with the experimental one, which is measured tealues.
be about 25Qum. To obtain interferograms and Schlieren We also determine the evolution of the electron den-
images, a 600 ps collimated probe beam at 0.aB6 sity and temperature by time resolved Thomson scatter-
propagates through the plasma at @@m the interaction ing of the interaction beam. Light is collected at°45
beam. Schlierenimages of the radial evolution at focus arfom the laser axis from various positions along the axis
measured by a streak camera with a 25 ps time resolutioand shows a similar behavior along the whole gas jet, in
To obtain the evolution of the plasma parameters (electroagreement with the interferograms. Time resolved Thom-
density and electron temperature), self-emitted Thomsoson scattering spectra at a gas jet pressure of 1.4 bar are
scattering is collected with afy2.5 achromatic lens at 45 presented in Fig. 3(a). The electron satellites are clearly
from the incident laser beam on the horizontal plane (i.e.yisible on both sides of the ion peak and are separated by
at 60° from the laser polarization axis) and resolved boththe Bohm-Gross frequeney = (wf, + 3k%v?)'/2, where
temporally and spectrally by a spectrometer-streak camerg, — (47n.e?/m)"/? is the electron plasma frequendy,
system. The slit of the streak camera limits the source rgs the electron plasma wave number, andis the elec-
dial size to 50um. tron thermal velocity. In order to measure both ion and
The main results we present in this Letter concern thelectron features on a single shot, the ion peak is attenu-
hydrodynamic evolution of the plasma. Figure 1 showsated by a factor of 100. The time evolution of the electron
the time integrated interferograms of the plasma. The imsatellites shows a quick (less than 100 ps) and complete
ages are recorded 530 ps after the interaction beam (i.ganization of the gas in the focal region very early in the
the delay between the peaks of the interaction and probgulse frame. We then observe convergence of the red and
beam is 530 ps). At this time, the plasma expansion is ifblue electron satellites as a function of time, which clearly
a quasistationary regime and the 600 ps time integrated inndicates a strong decrease of the electron density on the
terferometer shows well-defined fringes. Figure 1(a) coriaser axis. The variation of the electron density with time
responds to a high laser intensity c&Sex 10'> W/cn?). s shown in Fig. 3(b), where it decreases franx 10'° to
The radial plasma size is about 3@0n diameter, and 2 x 10'° cm~3 during the interaction time. The electron
the plasma covers the whole length (2.5 mm) of the gagensity profiles deduced from both the interferograms and
jet. Figure 1(b) corresponds to a lower laser intensity casghe Thomson scattering measurements clearly indicate that
(7 X 10" W /cn?) and shows a slightly shorter (1.8 mm) the conditions needed to guide a subsequent (second) laser
and narrower plasma (with 200m diameter). Assuming pulse are satisfied [9,10].
cylindrical symmetry, we can deduce the radial electron |n order to get more insight into the hydrodynamic
density profile via Abel inversion. The result is plotted in evolution of the plasma due to the absorbed laser en-
ergy along the laser axis, we performed simulations with

: : the one-dimensional hydro codeJLT! [15]. This code
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FIG. 1. Time integrated interferograms at two laser intensi-FIG. 2. Electron density profile for the positions marked by
ties: (@)I, = 5 X 10" W/cnm? and (b)7 X 10'* W/cn?. the arrow in Figs. 1(a) (dotted line) and 1(b) (solid line).
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(a) A (nm) simulations assuming a Gaussian shape in time with a
460 526.5 600 duration of 600 ps at FWHM and with a power (pulse
1 L 1 energy) of P, = 38 GW (E; = 25 J). The simulations
agree with the observed density depletion when we as-
sume that the laser power is concentrated within a radius
rs betweenl.5ry and2.3ry, wherer is the radius of the
spot measured in vacuum. This apparent increase in spot
size originates from small refraction effects induced by
the ionization process. The discrepancy in the temporal
; behavior may be attributed to the simplified description of
the pulse shape and the constant radial laser profile used
\ . in the code. Refraction stays considerably lower than in a
gas-filled chamber case [17]; in this case, the correspond-
810" ing time resolved Thomson spectra show that the electron
710" f-(b) T=1015W/em? (ry=2.3r¢)] density is constant in time without any sign of channel
i ] formation. This indicates that, in the gas-filed cham-
ber case, refraction considerably reduces the maximum
laser intensity reached at focus, and thus limits the plasma
depletion.
: From the Thomson scattering spectra we also extract the
210"k 3 electron temperature evolution from the ratio between the
110" | 1=2.5 1015Wem? (r,=1.5r0) ion and electron satellites [18]. The deduced electron tem-
o perature evolution is shown in Fig. 4. It follows the laser
0 200 400 600 800 1000 pulse shape, reaching a peak temperature of 250 eV. (A
Time (ps) similar evolution has been measured by other diagnostics
FIG. 3. (a) Time resolved Thomson scattering spectra at 45SUch as ion Thomson scattering.) In the same plot we also
to the laser axis. The ion peak is attenuated by a factor oshow the electron temperature deduced from the simula-
100. (b) Electron density deduced from (a) by the Bohm-Grossions (the focal spot radius in the simulation-is= 1.5ry

relation taking into account the thermal correction (dots), andyt the temperature evolution does not vary significantly,
simulation results at two different laser intensities (solid I|ne)taking eitherr, = 1.5r or r, = 2.3r5). The simulations
s - L. s 4. .

with the same power (38 GW)r, andr, are, respectively, the - .
vacuum radius and the estimated radius in the plasma. clearly demonstrate that, from the beginning, the plasma is

gradually heated by the absorbed light, generating an elec-

tron heat wave propagating into the plasma surrounding
equation-of-state data. It also includes multigroup radiathe laser-heated cylinder. This qualitatively reflects what
tion transport which is of minor importance in the presentis expected from self-similar solutions in laser-heated plas-
context. The version of the code used here solves thmas [19,20]. In contrast to recent experiments where a
equations in cylindrical geometry. The cylinder axis corre-
sponds to the laser propagation axis. The code was modi-
fied such that the laser energy deposition is localized in a
specific volume around the cylinder axis. Except for an
early stage of the interaction when the helium gas under-
goes field or tunnel ionization in a small radius around the
laser axis where the laser field is maximum, ionization is
dominated by collisions. In the simulations, we assume
that the plasma is completely preionized within a radius
of the size of the laser spot, and we use tabulated data for
the subsequent ionization of the outer gas (obtained from
the codesNOP[16]). In order to model the ponderomotive
contribution to the formation of the channel, we include a
ponderomotive term in the equation of motion of the fluid, s
assuming a Gaussian laser profile in the radial dimension. 0 &l . T P B
However, with our experimental parameters, ponderomo- 0 200 400 600 800
tive effects do not modify the evolution significantly. Time (ps)

The evolution of the on-axis electron density is COM-kiG 4. Electron temperature evolution deduced from the time

pared with simulation data in Fig. 3(b). In addition to resolved Thomson spectra (dots) and simulation results (solid
the experimental data points, we show two curves fronine).

Y

Time (ps)

’%‘ W

700

Electron density (cm )
N
S

350

jry —_
(=] o
o o

Electron Temperature (eV)
(4]
o

2981



VOLUME 79, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OTOBER 1997

(a) Time with a helium gas jet. Interferometry measurements show
500 ps

4

a deep channel in a fully ionized plasma produced even
at relatively low laser intensities. The electron density
channels that we observe easily satisfy the optical guiding
condition for a realistic laser pulse without suffering from
refraction effects. The Thomson scattering diagnostic
shows a strong and rapid decrease of the electron density.
The radial expansion of the plasma-gas interface is also
measured. Simulations indicate that the generation of the
electron density channel is a consequence of the expansion

Radius
400 microns

(b) 300 T due to an electron heat wave. The channel parameters can
250 F Simulation / be optimized by changing independently the laser intensity
; P ] (energy, spot size, or pulse duration) or the gas pressure.
=~ 200 E > ] . S :
E ; / ] Our results are of great importance where high-intensity
g 10F : optical guiding is needed.
E 100 f / 1 The authors would like to acknowledge the support of
5% 4 ] the laser team of LULI. We would like to thank K. Eid-
] l ] mann for the tabulated ionization data which were used in
0 Lty
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FIG. 5. (a) Time resolved Schlieren images. (b) Time re-
solved gas-plasma interface radius (dotted line) and simulation
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