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Fast Ion Production by Laser Filamentation in Laser-Produced Plasmas
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Lawrence Livermore National Laboratory, University of California, P.O. Box 5508, Livermore, California 945

(Received 20 November 1995)

Production of protons with energies of,20 keV have been observed to originate from the
interaction of a high intensity laser with a preformed underdense plasma. The energy and distribution
of ions are explained by acceleration by the ponderomotive force resulting from filamentation.
[S0031-9007(96)00010-5]

PACS numbers: 52.40.Nk, 52.35.Fp, 52.35.Mw, 52.50.Jm
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The propagation of high intensity laser pulses throug
plasmas has been studied for a number of years. Pre
tions of laser-target interactions for inertial confineme
fusion (ICF) applications, for example, will change if th
laser intensity is sufficiently high to form density channe
via the ponderomotive force or exceed the threshold f
the filamentation instability. Numerous theoretical work
have studied filamentation at low intensities [1]. Presen
nonlinear fluid simulations [2,3] are being used to sim
late high intensities (.1016 Wycm2) which can occur in
ICF applications; it is important to experimentally verify
their accuracy in this new regime. Experimental measu
ment of filamented density channels formed at high inte
sities is extraordinarily difficult via imaging technique
due to their small transverse dimensions (,10 mm). On
the other hand, as shown first in particle-in-cell simula
tions [4] and in the fluid simulations [2,3], intense lase
pulses can produce a large transverse ponderomotive fo
which can accelerate ions to high velocities (yi ¿ cs, the
sound speed) which can then be used to diagnose the l
intensity in the filament. Although the energy distribu
tions of ions ejected from laser-plasma interactions ha
been studied extensively in the past [5], these ions ha
generally been accelerated by the ambipolar potential c
ated by hot electrons which can be produced by proces
such as resonance absorption [6].

In this Letter, we describe the results of an expe
ment in which ion velocity distributions are observe
which are produced when a focused laser beam int
acts with preformed underdense plasmas. As we va
the incident laser intensity, the production of hot ion
is correlated with the onset of filamentation. The sep
ration of the plasma formation from the hot ion gener
tion allows us to distinguish between the ion distribution
from each process and to choose the maximum elect
density reached by the interaction beam. We have o
served proton energies of,20 keV for incident intensities
of 5 3 1016 Wycm2, a laser wavelength of1.064 mm,
and densities of 0.25nc, wherenc is the critical density
at which the incident laser frequency equals the ele
tron plasma frequency. This result is confirmed by tw
dimensional fluid simulations, which show that the io
ejection is localized spatially to the filamentation regio
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and by particle-in-cell simulations which accurately pre
dict the observed ion energies.

A simple estimate shows that filamentation can easi
produce ions with energies much greater than the initi
thermal ion energy. We equate the kinetic energy of th
ion to the potential energy set up by the ponderomotiv
force My2

maxy2 . Zef . Zmy2
osy4, whereM is the ion

mass,m is the electron mass,f is the ponderomotive
potential, andyos ­ eEymv0 is the electron oscillatory
velocity in a laser electric fieldE with a frequencyv0.
Solving forymax gives

ymax .
q

Zmy2M yos . (1)

For hydrogen (Z ­ 1, myM ­ 1y1836), andIL ­ 1.5 3

1017 Wycm2, which results from filamentation of the
laser light in the plasma (discussed below), we fin
ymax ­ 1.7 3 108 cmys, which corresponds to an energy
of 15 keV; for comparison, a typicalcs and ion tem-
perature for the plasmas we will be discussing will b
3 3 107 cmys and 500 eV, respectively. For a filamen
diameter of 10mm, and a pulse length of 100 ps, as dis
cussed below, an ion with a velocity of1 3 107 cmys can
move from the center to the edge of the filament, so ev
thermal ions will have time to move out of the channel.

Most previous experiments [5] measured the ion ene
gies with Faraday cups which cannot distinguish betwe
different ion species. Hydrogen ions with energies up
180 keV have been reported [7] with a laser intensity o
1016 Wycm2, however, this was performed with a single
laser beam on an overdense target, so it is difficult to sep
rate out the hot ions produced in the underdense plas
from those produced by interaction of the laser pulse wi
the critical density surface.

The present experiment was conducted using t
Janus laser at Lawrence Livermore National Laborato
where we have developed a test bed for studying t
propagation of moderately intense laser pulses throu
well-characterized underdense plasmas [8]. A 1.064mm
wavelength, 100 ps full width at half maximum (FWHM)
Gaussian pulse of intensity#5 3 1016 Wycm2 interacted
with an underdense plasma formed by the irradiation of
0.5 mm thick parylene [sCHdn] foil by a 1 ns, 0.532mm
wavelength, 400mm diameter,2 3 1013 Wycm2 laser
© 1996 The American Physical Society
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pulse. The interaction beam at best focus has a sin
central spike of full width half energy of 13mm, is circu-
larly symmetric, and has a confocal parameter of 200mm
[9]. Varying the relative timing between the two pulse
(1.5 to 2.5 ns delay from the end of the plasma formi
pulse) determined the peak density (0.25nc to 0.1nc)
seen by the interaction pulse. The background den
profile was measured using a folded-wave interferome
that used a 50 ps, 0.35mm wavelength probe pulse tha
arrived at the target at the same time as the peak of
100 ps interaction pulse.

The ion velocities were measured at 90± to the incident
laser beams by a time resolved ion spectrometer [
which used a magnetic field to separate ions of differ
charge-to-mass ratios. The ions pass through a collima
slit and strike a microchannel plate so that an opti
streak camera can be used to measure the ion tim
flight. An example streak is shown in Fig. 1 for a ca
with the interaction beam; the protons produced with t
interaction beam (33 J) have velocities twice that witho
the beam for a factor of 4 increase in energy (8
32 keV). The arrival of the laser pulses at the target
marked by the x-ray emission feature in the upper left ha
corner of the streak. Although the electron temperatu
are high enough (0.5–1 keV fromLASNEX [11] simu-
lations and Thomson scattering measurements [12])
the carbon ions are fully ionized, multiple charge sta
of carbon are observed because there are enough res
neutrals (base pressure#1025 Torr) between the plasma
and the ion spectrometer for the ions to pick up electro
via charge exchange. The ion time of flight was al
measured at various angles using Faraday cups. The
ion energy normal to the target is independent of t
interaction beam energy, whereas transverse to the b
accelerated ions is seen, as expected if filamentation is
acceleration mechanism.

FIG. 1. A sample ion spectrometer streak with the interact
beam incident on a CH foil target.
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When the interaction beam is of sufficient energ
a high energy proton tail forms with peak energies
,20 keV. These ions are sufficiently energetic to hav
ion-ion mean free paths which are greater than the plas
diameter (400mm). Using Eqs. (5-31) of Ref. [13], we
find that 20 keV protons moving through a backgroun
of 500 eV carbon ions (fromLASNEX [11] simulations) at
an ion density of3.6 3 1019 cm23 have a mean free path
of about 5.0 mm. The proton energy has to drop belo
6 keV for the mean free path to equal 400mm.

We also monitored the levels of the three domina
underdense plasma processes: filamentation, stimula
Brillouin scattering (SBS) in which an ion acoustic wav
couples to the incident light wave and a reflected lig
wave, and stimulated Raman scattering (SRS) in wh
an electron plasma wave couples to the incident lig
wave and a reflected light wave. We will next describ
the measurement techniques for each of these be
discussing the experimental results.

The onset of the filamentation instability is determine
from measurements of the light transmitted through t
plasma. The light from the interaction beam that
transmitted through the plasma is collected with anfy2
lens and relayed to a full aperture energy calorimet
since the interaction beam is focused with anfy2 lens,
in the absence of deflections, all the incident laser lig
is collected by the calorimeter with the exception o
backscattered light. As we have observed in earlier wo
[3,9], when the beam breaks up into filaments, the dens
grating set up by the filaments deflects light out of th
collection solid angle, leading to a decrease in the ratio
measured transmitted energy to the incident energy.

The SBS energy is measured for the entire experim
using a beam splitter which directs 4% of the ligh
backscattered into the focusing lens to a calorimeter.
dielectric mirror for 0.53 mm light rejects energy from
the plasma forming beam which might leak throug
the plasma. Spectral analysis of the backscattered li
has shown it to be shifted and significantly broaden
in wavelength compared to the incident light, which
expected for SBS light.

The SRS light backscattered into the focusing lens w
measured for a limited portion of the experiment. A fa
pyroelectric detector was spectrally filtered to respond
scattered light wavelengths that corresponded to SRS
densities between 0.1nc and 0.2nc. The backscattered
1.064 mm light was reduced by dielectric mirrors which
provided an attenuation of.106 for a 100 nm band of
wavelengths centered on the laser wavelength.

We now discuss the results of our measurements of
three instabilities, and we find that filamentation best d
scribes our observations. Since the filamentation thresh
predicted by theory [14] is inversely proportional to den
sity, as one lowers the peak density, the laser intensity
to be increased to reach the filamentation threshold. O
measurements in this experiment show that filamentat
3129
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appears at 5 J forne ­ 0.25nc, 15 J forne ­ 0.15nc, and
25 J forne ­ 0.1nc as shown in Fig. 2(a). Note that th
high transmission at low energies confirms that the en
pulse interacts with a completely underdense plasma
that the plasma absorption is low. For the plasma c
ditions of this experiment, the inverse bremsstrahlung
sorption length is.1 mm [9].

From Fig. 2, we see that the increase in ion energy
coincident with the onset of the filamentation instabilit
As the laser energy is increased, the peak ion energy
increases with the laser energy, then reaches a con
value when the peak density is 0.25nc. If the peak density
is reduced to 0.15nc, the input energy has to be increas
before the ion energy increases, but at 30 J we attain
same ion energy as at the higher density.

When SRS is strongly driven, the electron plasm
waves (EPW’s) can accelerate a significant number of
electrons, which in turn create a potential which acce
ates ions. The EPW’s for backscattered and sidescatt
SRS can accelerate electrons to energies in the rang
1 to 100 keV [15]. We observe no correlation, howev
between the level of SRS backscattered light, which i
direct product of the instability, and the peak ion ener

FIG. 2. Comparison of the onset of (a) scattering of t
transmitted light due to filamentation, and (b) an increase
the peak proton energy as a function of incident energy.
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For example, for an input laser energy of 30 J, there
a factor of 100 decrease in SRS scattered level when
peak density is decreased from 0.25nc to 0.1nc with no
significant drop in the peak ion energy.

SBS is also known to accelerate ions, however, it
difficult to explain the observed ion energies based
known nonlinear SBS behavior. Saturation of SBS by io
trapping, e.g., can accelerate ions to velocities compara
to the ion wave phase velocity (,2cs) [16]. The sound
speed is determined by the carbon ions [17], so the kine
energy of the protons isMHs2csd2y2 ­ 4ZHTe, or only
about 4 keV. The backscattered energy levels do sho
behavior similar to that of the proton energy, but this
probably in response to the higher laser intensities in
filaments which have been observed in simulations [18

We have investigated this phenomenon with tw
dimensionalLASNEX [11] simulations. The simulation is
approximated as a Cartesianx-y system by setting up the
problem at a large radius (r ­ 1 cm) of the normalr-z
LASNEX coordinate system; this means that the problem
not exactly symmetric about the laser axis, which leads
slight asymmetries in the way the beam propagates. In
simulation, the 100 ps interaction laser propagates into
underdense plasma with a parabolic density profile with
peak density of 0.25nc. The initial electron temperature
is 1 keV and the initial ion temperature is 500 eV.

The simulation shows that there is a region of localiz
ion heating (see Fig. 3) in the area where the interact
beam begins to break up into filaments. The location of t
beam breakup agrees well with the measured location
the end of the density channel in this and previous expe
ments [3,9]. For the simulation shown, the incident inte
sity is 5 3 1016 Wycm2, and at the peak of the pulse th
ion temperatures have risen above 2 keV. The laser li
has filamented to peak intensities near1.3 3 1017 Wycm2

producing radial plasma motion of1 3 108 cmys (hydro-
gen energy,20 keV). The ion heating is then understoo
in terms of shock heating of the background ions.

LASNEX shows a gradual increase of ion temperatu
with incident energy between the onset of filamentati
and saturation, which agrees qualitatively with expe
ment, although saturation is reached for higher incide
energies of,25 30 J. The difference may be due to th
focusingfynumber (fy` in the simulation) or the differ-
ence in the filamented intensity between the 2D simulati
and the 3D experiment. Physically, the saturation occ
because of the evacuation of the channel; when the la
intensity reaches1.3 3 1017 Wycm2, for example, then
y

2
0yy2

e , 40, so nyn0 , expf2sy0yyed2y4g , e210, and
there are few ions to accelerate.

The fluid description inLASNEX provides valuable in-
sight into the filamentation of the laser light and the form
tion of the density channels; however, it gives an avera
rather than two-species, ion description of the plasma
sponse. Since the mean free path is long, one actually
pects interpenetration of the ion species. Hence, to see
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FIG. 3. LASNEX simulations comparing (a) the interaction
laser rays to (b) the ion temperature spatial distribution at t
peak of the interaction pulse.

details of the ion distribution, we complementLASNEX with
an electron-fluid particle ion code (EPIC) [19]. In theEPIC

simulation, the plasma consisted of equal amounts of c
bon (Z ­ 6, A ­ 12) and hydrogen (Z ­ 1, A ­ 1) ions.
This system was chosen such that the ion dynamics i
transverse slice could be studied in detail. This slice is
thex position of335 mm in Fig. 3(a), corresponding to the
beginning of the filamentation region. The intensity distr
bution along this slice was obtained from theLASNEX simu-
lation described above and was input intoEPIC; the peak
intensity was1.3 3 1017 Wycm2 with an intensity modu-
lation of 50% with a modulation period of10 mm. The
average plasma density at this point is1020 cm23. This
intensity profile was ramped up from zero to its maximu
value over a time of,50 ps. The electron temperature
chosen to be 1 keV, was fixed. Figure 4 shows the
sulting ion phase space for the hydrogen ions. The i
energies for both carbon (not shown) and hydrogen are
agreement with those measured in the experiment for
same conditions. For example, the experiments meas
a velocity for the hydrogen ions that is about a factor of
faster than the carbon ions; this is also found in the sim
lations, and is in agreement with the scaling of Eq. (1).

In summary, we have shown that filamentation e
hances ion energies significantly. This produces furth
e

r-

a
at

-

,
e-
n
in
he
ure
2
u-

-
er

FIG. 4. Phase space plot ofEPIC results for hydrogen.

validation of the codes in high intensity and filamenta
regimes, and demonstrates a potential diagnostic of
laser intensity in the plasma.
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