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Experimental study of the interaction of subpicosecond laser pulses with solid targets
of varying initial scale lengths
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We have studied experimentally the angular and energy distribution of the suprathermal electrons produced
during the interaction of a 120 fs, 50 mJ, 800 nm,P-polarized laser pulse on SiO2 targets. A sharply collimated
jet of electrons is observed in the laser specular reflection direction, in the plane of incidence, superimposed to
an angularly uniform electron distribution. Electron energies are'20 keV for a laser intensity of 431016

W cm22 and 45° incidence angle. The electron jet is weaker and angularly broadened with the introduction of
a laser prepulse controlling the electron density gradient scale length. Laser absorption andKa line intensity
measurements show a maximum for a prepulse delay of'6 ps with an electron energy rising to'180 keV.
Gradient scale length measurements at this prepulse delay fit the laser absorption peak scaling obtained from
standard resonant absorption theory.@S1063-651X~97!07612-5#

PACS number~s!: 52.50.Jm, 52.40.2w, 52.70.Kz, 52.40.Nk
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I. INTRODUCTION

The recent advent of compact high-intensity subpicos
ond lasers with chirped pulse amplification~CPA! @1# has
opened a new field of study of laser matter interaction w
solid targets@2–4#. One of the most important features
this new approach is the study of laser-produced plasma
a new time scale for which, in principle, hydrodynamic m
tion is no longer a dominating factor. This enables the p
duction of plasmas at high electron energy density w
highly transient and nonequilibrium states resulting from
very short temporal (,ps) and spatial (,100 nm! scales
involved. Recently, these plasmas have attracted attentio
potential sources for ultrafast pulsed x rays in the sub-k
energy range@5–7#, the keV range@8–10#, and the MeV
range@11#. Vigorous experimental efforts for bringing pico
second time resolution in diffraction, spectroscopy, or m
croscopy of transient physical@12#, chemical@13#, or bio-
logical phenomena@14# have started.

Over the last few years it has been recognized in sev
fields of laser plasma interactions that the temporal sh
and the intensity contrast ratio of the laser pulse are of p
mount importance in tailoring the plasma properties. For
ample, the importance of a controlled prepulse~or multi-
pulses! in the pumping and amplification of x-ray lasers h
been reviewed recently@15#. Another example is the en
hancement of water-window x-ray emission from las
irradiated liquid droplets by a low-energy UV prepulse@16#.
In short-pulse high-intensity laser interactions, it has be
early recognized that the x-ray yield is increased if the la
interacts not with the surface of the solid material but with
preformed plasma originating from irradiation of the so
surface with an earlier pulse or with amplified spontane
emission~ASE! from the laser@17–19#. Recent systematic
experiments have demonstrated that the presence of a
prepulse boosts the x-ray conversion efficiency from so
561063-651X/97/56~6!/7179~7!/$10.00
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target laser-produced plasmas@20–23#. Ironically, a plasma
can also play a role in prepulse suppression to gene
clean, high-intensity subpicosecond laser pulses through
induced plasma-shuttering effects@24,25#.

By varying the temporal separation between the main
ser pulse and a prepulse, one can generate preformed
mas with different scale lengths and density gradients.
define the electron density gradient scale length as the
verse of the logarithmic derivative@(1/ne)(dne /dx)#21. The
description of the numerous linear and nonlinear laser
sorption mechanisms in the ultrashort laser pulse regime
different values ofL/l ~wherel is the laser wavelength! is
far outside the scope of this experimental paper. A comp
hensive review of state-of-the-art theory has been given
cently @4#. Here, we restrict ourselves to summarizing t
basic features of laser absorption in the 0,L/l,1 reduced
scale length range.

First, it is important to note the strong influence of th
laser incidence angle and polarization state in short-pu
laser interactions because many of the basic plasma pro
ties are controlled by the strong laser field rather than by
own density and temperature. This is particularly true
P-polarized~TM! laser light and oblique incidence becau
resonance absorption@26# is a very efficient absorption
mechanism for finite reduced scale length plasmas. For
duced scale lengthsL/l!1, the laser interacts with a step
like density profile. Under these conditions, the interact
takes place in the skin layer of an overdense plas
(ne@nc) wherenc is the critical density at laser waveleng
l. At laser intensities below 1016 W cm22 electron tempera-
tures are in the sub-keV range and the main laser absorp
mechanism is related to electron collisions in the skin la
@27,28#. At higher laser intensities, the electron mean fr
path exceeds the skin depth leading to the anomalous
effect and collisionless energy absorption. The intens
separation of these two absorption mechanisms has b
7179 © 1997 The American Physical Society
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7180 56S. BASTIANI et al.
clearly established@27,29#. As hinted at earlier, resonant ab
sorption is another absorption mechanism although it is
clear how effective this is in steplike density gradients. In
limit of high intensities—when the electron excursion in t
laser field is larger than the gradient scale len
L/l,(2p)21vosc/c ~where vosc5eE0 /mv is the quiver
velocity!—electrons are directly heated by theP-polarized
component of the laser field~vacuum heating! @30,31#. This
absorption mechanism is important when the light press
~associated to the ponderomotive force! is greater than the
plasma pressure. For larger values ofL/l, resonant absorp
tion has been shown to play a major role in laser absorp
@28,32–34# for P-polarized light.

Experimental studies of short-pulse laser interactions h
used a number of ‘‘observables’’ as a signature of laser
sorption mechanisms. Among these, direct optical meas
ments of the reflectivity@35# and absorption@36# have
brought some understanding of the physical situation for c
lisional absorption mechanisms. X-ray spectroscopy
highly charged ions@8,37# has been used as a powerful d
agnostic tool of the plasma parameters. Suprather
~‘‘hot’’ ! electron generation by nonlinear~collisionless! pro-
cesses@38# has been studied byKa line radiation produced
by knocking out a boundK-shell electron from witness lay
ers buried at various depths in the bulk of the target@9,39#,
by fast-ion blow-off detection@40,41#, and by simultaneous
measurements of x rays, electrons, and far infrared~FIR!
radiation@42#.

Most of the previous characterizations of hot electron
ergies have been made for the electron population wh
penetrates into the cold region of the target beyond the
front @9,39#. Hot electrons created with initial velocities ou
wards of the target surface are strongly repelled towards
target’s bulk by the charge separation field generated by
less mobile ions. However, very few detailed experimen
studies have been performed on the population of elect
which have sufficient energy to overcome the barrier set
by the charge separation potential and which escape fr
into the vacuum. In nanosecond pulse interactions perform
at a 0.26mm laser wavelength@43#, an angular distribution
strongly peaked along the laser axis has been exhibited
the more energetic electrons. Recently, highly peaked M
electrons have been observed@44,45# at relativistic laser in-
tensities wherevosc exceeds the speed of light in vacuum.

Here, we present experimental results of the angular
tribution and energy spectrum of hot electrons produced d
ing the interaction of aP-polarized, 431016 W cm22 inten-
sity, 45° angle of incidence, laser pulse of 120 fs duration
fused silica targets. We change the electron density grad
scale length by varying the temporal separation between
main laser pulse and a prepulse of the same duration but
1% of the intensity of the main interacting pulse. Doing th
we explore the highly complex transition between stepl
gradient absorption and resonant absorption. The elec
density gradient scale length produced by the earlier puls
measured as a function of time by dual-polarization f
quency domain interferometry@46–49#. These measuremen
are correlated with SiKa line emission from the bulk of the
target. We find an optimum delay between the prepulse
the main pulse for which the laser absorption and theKa
yield are greatly enhanced with respect to prepulse-free c
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ditions. With prepulse-free irradiation, highly collimate
electron jets have been observed in the direction of
specularly reflected laser light.

II. EXPERIMENTAL SETUP

The experiments were carried out with the Laborato
d’Optique Appliquée Ti:Al2O3 CPA laser in Palaiseau@50#.
This laser is capable of delivering 120 fs duration, 60
energy, 800 nm wavelength, 10 Hz repetition rate puls
The laser was equipped with a specially designed dou
stretcher@51# to compensate for phase errors of third a
fourth order. With this important addition, the laser intens
contrast ratio was measured to be better than 1028 ~at 2 ps
before the main pulse! by high-dynamics third order autocor
relation techniques. The main laser pulse was focused o
the target at various incidence angles by a 40 cm (f /16) focal
length MgF2 lens on solid SiO2 flat targets.

In Fig. 1 is sketched the experimental setup and, in p
ticular, the arrangement utilized for the controlled prepu
production. The 20 mm diameter@full width at half maxi-
mum# ~FWHM! main laser beam is reflected on a mirr
having a 6 mmdiameter hole drilled in its center that allow
the transmission of a small part of the beam profile. T
beam is time delayed with a variable delay line and, af
transmission through a second apertured mirror, is supe
posed to the main laser beam. Typically, this system gi
intensities on the target of 431016 W cm22 for the main
pulse and 431014 W cm22 for the prepulse. A diffraction-
limited focal spot of 140mm diameter for the prepulse and
slightly elliptical 32318 mm2 for the main pulse were ob
tained at 1/e2 of maximum intensity. Targets were mounte
on an X-Y-Z motorized translational system to expose
fresh surface of the target to each laser shot.

The diagnostic of the suprathermal electrons is a mu
channel electron spectrometer, fitted with a permanent m
netic field of'260 G. The detectors are six silicon surfa
barrier detectors, with an active thickness variable betw
100 and 1000mm. The energy range covered by this instr
ment extends from 20 to 200 keV. The lower end of th

FIG. 1. Schematic experimental apparatus showing the pu
prepulse optics, the angle-resolving electron spectrometer, and
specularly reflected laser optical diagnostics.
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56 7181EXPERIMENTAL STUDY OF THE INTERACTION OF . . .
energy range is higher than the low-energy cutoff for el
trons to escape the plasma which can be estimated from
potential related to the ponderomotive force of the incid
laser pulse or from the electrostatic potential associate
the nonoscillating sheath electric field@29# to be'5 keV in
our conditions. The spectrometer can be rotated, in 1° st
around a vertical axis passing through the plasma, in orde
investigate the angular distribution of the emitted electro
in the incidence plane. It can also be positioned out of t
plane, to investigate the electron emission in the azimu
direction. This allows us to get an insight into the whole 2p
sr angular electron distribution. Each photodiode is filte
with a 1.6 mm thick aluminum foil, to protect the diode
against visible light. Contrary to the common practice,
have not placed the filter directly over the entrance slit of
spectrometer in order to minimize electron scattering in
spectrometer. To make sure that the signal is actually du
electrons, we made null tests~i! by closing the spectromete
with a 2 mmthick glass plate to stop all the electrons a
UV and soft-x-ray radiation and~ii ! by adding, near the tar
get front face, another magnetic field to deflect the electro
Both tests give null signals, allowing us to measure the di
noise level with the laser switched on. The collection an
of the electron spectrometer was of the order of 831024 sr.
Systematic errors, mainly due to the calibration of the det
tion system, on the absolute number of electrons is of
order of 50%.

The plasma reflectivity measurements have been
formed by means of a calorimeter~see Fig. 1!. A slight fo-
cusing~with an f /8 lens! of the reflected beam ensured th
the whole beam was collected by the calorimeter. Near-fi
images of the reflected pump beam were also obtained
charge-coupled device~CCD! camera. For the electron den
sity gradient scale length measurements@49#, we used the
technique of frequency-domain interferometry that we ha
extended to allow simultaneous measurements of the p
shift for the two (S and P) probe polarizations. Details o
this technique are given elsewhere@46,47#.

The Si Ka emission was dispersed by means of a V
Hamos spectrograph built with a PET~pentaerythritol! crys-
tal (2d58.742 Å! having a 10 cm curvature radius. Th
spectra were collected at an angle of 10° with respect to
target normal with a cooled (240 °C! x-ray sensitive CCD
camera@9#. To decrease the background of the CCD ima
~which was attributed to high-energy electron-induced x-
fluorescence from the crystal! the entire interaction region
was shielded with a lead enclosure.

III. EXPERIMENTAL RESULTS

Experimental results presented here have been obta
for a laser pulse incident on target at an angle of 45° w
respect to the normal of the target. As stated earlier, la
intensities were kept constant at 431016 W cm22 ~normal
incidence! for the main pulse and at 431014 W cm22 for the
prepulse.

A. Absorption measurements

In Fig. 2 we show the measured reflection coefficient
the main pulse and in Fig. 3 we present the total energy
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the electrons emitted in the incidence plane as a function
the prepulse delay. The level of light scattered out of
collecting optics~see Fig. 1! was found to be negligible. The
total energy of the electrons was obtained by integrating
signal of the six diodes over the whole range (220° to
190° with respect to the normal of the target! of angular
positions of the electron spectrometer. Without a prepu
our measured absorption coefficient is in good agreem
with previous measurements@33#. In Fig. 2, the presence of a
clear maximum of absorption~we assume thatA512R
whereA is the absorption coefficient! can be seen for a dela
of '5 ps. This delay, as we will see below, corresponds t
well-defined initial density gradient scale length. For t
same delay, we find also a suprathermal electron ene
maximum, as we can see in Fig. 3, which corresponds to
optimum conversion of laser energy into suprathermal e
tron energy. We find a conversion efficiency of laser ene
into suprathermal electron energy of (0.760.1%) for a
prepulse delay of'5 ps. We note that this value is ver
much lower than what was measured in similar conditio
@9# before, because here we only have access to the hi
energetic electrons escaping in the vacuum.

Assuming that the predominant absorption mechanism
resonant absorption for scale lengths of the order of a fr
tion of a laser wavelength~this hypothesis is supported b
previous measurements@49# and by theory!, one can obtain
the condition for optimum absorption using the familiar sc
ing of peak absorption with the scale length

FIG. 2. Reflection coefficient as a function of prepulse del
The line is an aid to the eye.

FIG. 3. Total electron energy per unit of solid angle as a fu
tion of prepulse delay. The line is an aid to the eye.
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7182 56S. BASTIANI et al.
(2pL/l)2/3sin2u'0.6 ~see Fig. 4 of the Yanget al. paper
@29#!. We obtainL/l'0.25. To cross-check this result, w
have performed direct measurements of the gradient s
length for laser conditions corresponding to the prepulse
get interaction, using the frequency-domain interferome
technique. As noted earlier, we now measure simultaneo
the S-polarized andP-polarized laser probe phase shifts i
duced by the plasma. This greatly reduces the experime
error on the measurement of the polarization-sensitive ph
shift difference because the result is obtained in a single s
However, we still have to rely on the calculated relati
between the (P-S) phase difference and the plasma sc
length ~see Fig. 5 of Ref.@49#!. For a probe laser incidenc
angle of 45°, the relative uncertainty on the normalized sc
length L/l for values of'0.25 is about 30%. This uncer
tainty is due to the slight variations of the phase shift diff
ence with collisionality and to the neglect of space-tim
changes of the electron density and temperature gradien
the analysis, as discussed in Ref.@49#. The result of our
measurement, reported in Fig. 4, shows that the optim
value ofL/l is reached at a timet'4.5 ps, which is consis
tent with the value obtained for the peak of absorption.

B. Hot electron angular distribution

In Fig. 5, we present the electron angular distributi
measured in the incidence plane as a function of the elec
spectrometer angle with respect to the normal of the tar
Each point in the curve has been obtained by averaging
ten laser shots. These results are obtained with a very s
initial gradient scale length~no prepulse!. It shows two re-
markable characteristics. First, the absence of a peak of e

FIG. 4. Reduced electron density gradient scale length as a f
tion of time after the prepulse.

FIG. 5. Angular distribution of suprathermal electrons witho
prepulse.
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tron emission along the target normalu50, whereas reso-
nant absorption theory foresees an electron acceleratio
that direction due to Landau damping or wave breaking
the plasma wave propagating along the electron density
dient. Second, we can see a highly collimated electron em
sion peak in the specular reflection direction. It is worth n
ing that this peak contains only 1% of the total number
electrons and that its angular spread is comparable to
stepping angle. The same behavior—a collimated jet of e
trons at the specular reflection angle—has been obtainedfor
all the incidence angles studied(20,u,60°). However,
this effect is more prominent for the incidence angle of 4

In Fig. 6 we present similar results obtained with tw
different initial scale lengthsL: one obtained at the optimum
condition for resonant absorption~6 ps delay! and one ob-
tained with a smallerL/l (L/l'0.1), corresponding to a
delay of 1.5 ps. The curve obtained with a steplike initialL is
shown again for comparison. We can immediately see
the angular distribution obtained in the presence of an ini
gradient scale length differs from the one obtained with
steplike gradient. In more detail, we can see an import
decrease and spread of the emission peak in the spe
direction and an increase of the electron emission in
other directions. In addition, we can also note~see the inset
in Fig. 6! that there is still no particular electron feature
the direction corresponding to the target normal.

C. Hot electron energy spectrum

We have also analyzed the electron energy spectra,
we have seen that they show large variations depending
the presence~or absence! of an initial gradient scale length
In Fig. 7 we report the spectra, integrated over 10° arou
the peak emission angle~see Figs. 5 and 6!, obtained in the
two ‘‘extreme’’ interaction conditions: abrupt initialL and
optimum initial L ~prepulse delay of'6 ps! for resonant
absorption. Fitted with a Maxwellian distribution over th
high-energy region (E.30 keV!, we obtain a ‘‘tempera-
ture’’ of 19 keV in the case of a very steep initialL and a
‘‘temperature’’ of 182 keV in the other case. We note th
the quiver energy of the electrons at our laser intensity
only 3 keV.

Figure 8 shows the temperatures obtained for each e

c-

t

FIG. 6. Angular distribution of suprathermal electrons wi
prepulse delays of 1.5 and 6 ps. The inset shows the angular re
around target normal.
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56 7183EXPERIMENTAL STUDY OF THE INTERACTION OF . . .
sion angle~averaged over ten laser shots! and for three dif-
ferent initial gradient scale lengths~or prepulse delay!. The
temperatures obtained in the case of an abrupt initialL show
no dependence on the emission angle. On the contrary,
a prepulse, we obtain a maximum in the specular reflec
direction. The analysis of the angular distribution of t
emission out of the incidence plane~by varying the azi-
muthal angle of observation of the electron spectrome!
shows that, except for the specular direction, the elec
emission is independent of the azimuthal angle. In ot
words, whatever the azimuthal angle, we obtain an emis
identical to the one we get in the incidence plane for obs
vation anglesu outside the interval 40° –50°. Some of th
characteristics of the electron emission, and particularly th
isotropic distribution in 2p sr ~except in the specular direc
tion!, may be explained by the presence of ripples on
plasma surface. In order to verify this hypothesis, we h
collected near-field images of the reflected beam on a C
camera. As stated before, the level of scattered light was
low and we found that the reflected beam was not pertur
by the plasma. We conclude that the plasma surface was
regular, at least on a size scale of the order ofl. Similar
results showing the good optical quality of the plasma a
reflector for prepulse suppression have been demonstr
recently@25#.

FIG. 7. Electron energy spectra integrated over a 10° inte
around 45° observation angle without prepulse and with a prep
delay of 6 ps. Lines are Maxwellian fits with temperatures of 19 a
182 keV, respectively.

FIG. 8. Hot electron ‘‘temperature’’ as a function of laser inc
dence angle for two prepulse delays. Circles: 6 ps delay; diamo
12 ps delay; open squares: no prepulse.
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D. Si Ka measurements

Ka line emission is generated in the solid material
inner-shell ionization from fast electrons that penetrate in
bulk of the target. Its intensity depends on the electron ch
acteristics: their number and their energy. For light eleme
like silicon, theK-shell ionization cross section is maximu
for electron energies of a few keV, so this line can be used
a diagnostic for ‘‘not-so-hot’’ electron production@9#. We
have measured theKa emission, again as a function of th
prepulse to main pulse delay. The results are shown in Fig
where the crosses are the results of a single measuremen
the circles are the averaged values. We observe a st
increase of theKa yield for the first 10 ps and then a slow
decrease for longer delays. We obtain an enhancemen
about a factor 7 with respect to the case of an abrupt in
gradient for delays corresponding to maximum resonant
sorption ('6 ps!. These results show the correlation b
tween the detection of fairly ‘‘hot’’ electrons in vacuum b
the electron spectrometer and the detection of lower-ene
~2–10 keV! electrons byKa line emission. This points to the
fact that the electron energy distribution function is high
anisotropic in directions going outwards from and inwar
toward the target.

IV. DISCUSSION

In this discussion, we would like to focus on the observ
‘‘jetlike’’ electron emission. The shape of the angular dist
bution of the electrons has no theoretical justification to da
However, the Maxwellian-type energy distribution is su
ported by particle-in-cell~PIC! @38,52# simulations. Indeed,
PIC simulations performed with theEUTERPEcode@31# with
P-polarized light at 30° incidence angle and 1016 W cm22

intensity with mobile ions predict@53# ‘‘hot’’ electron tem-
peratures of 20 keV forL/l50.001 and 170 keV for
L/l50.3, in fair agreement with the observed results.
obtain very high-energy electrons, it is necessary to have
very long acceleration lengths and second very high ph
velocity plasma waves. The angular distribution of the el
trons is directly related to the plasma wave propagation
rections. Recent theoretical results@54,55# and experiments
@56# clearly suggesting the possibility of emission of light
the plasma frequency and at its harmonics from the coup
of plasma waves and the laser field in steep density gradi
may support the existence of accelerating plasma wa

al
se
d

s:

FIG. 9. Si Ka emission as a function of the prepulse dela
Dots: average values of individual measurements~crosses!. The line
is drawn as an aid to the eye.
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7184 56S. BASTIANI et al.
even in steplike gradients. Evidence of anisotropic elect
energy distributions from Vlasov simulations@57# and ki-
netic calculations@58–60# has already been presented. Ho
ever, these distributions have a signature that would pas
electron jets only in the bulk of the target.

One of the most striking observations in these exp
ments is the sharpness of the collimated electron beam
served in Fig. 5. The jetlike structure could be recorded
cause of our good angular resolution and fine stepp
capability. In addition, this structure was observed only d
ing laser interaction with a steep electron density gradie
i.e., with high contrast ultrashort laser pulses at mode
laser intensities. Returning to Fig. 6, the broadening of
electron peak when a prepulse is applied to the target ca
explained by the ‘‘bending’’ of the plasma surface. Assu
ing an exponential electron density gradient, a hypothe
supported by hydrodynamic simulations@61#, the locationxc
of the critical densitync can be simply written as a functio
of the gradient scale length byxc5L ln(ns/nc) wherens is the
solid density. For the peak absorption scale length, this g
a value of'1 mm which, when compared to the prepul
focal spot diameter, gives an angular spread of'3°, very
similar to what we observe. Another interesting feature is
increase of the number of electrons in the grazing direc
~parallel to the target! for the prepulse delay of 6 ps. Par
metric instabilities such as the ion-acoustic decay in a n
linearly steepened density profile can produce hot electr
in the transverse direction at the critical density@62#. Exci-
tation of surface waves in a plateau-ramp-type density p
file, such as the one produced by laser ponderomotive eff
~they are not negligible, even at our moderate laser int
sity!, also produce ‘‘hot’’ electrons in the direction parall
to the surface@63#.

V. CONCLUSION

In summary, we have characterized by optical, electr
and x-ray diagnostics the interaction of a subpicoseco
-
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medium-intensity,P-polarized laser with a solid target. B
applying a controlled prepulse, we have changed~and mea-
sured the change! of the electron density gradient sca
length with which the main pulse interacts. Our results e
hibit some features that can be explained by standard r
nant absorption theory. These are the behavior of the e
tron number as a function of the incidence angle and
behavior of the reflectivity as a function of the density gr
dient scale length of the preformed plasma. On the contr
the presence of an electron emission peak in the spec
reflection direction, the absence of any particular elect
feature in the target normal direction, and the quasi-isotro
emission in 2p sr over the whole electron energy spectru
are still matters of interpretation. However, it is important
note that the characteristics of these interactions canno
interpreted on the basis of the presence of ripples on
plasma surface. The important point in our results is the m
surement, with such an angular resolution, of the angular
energy distribution of the population of ‘‘hot’’ electron
which escape the plasmainstead of the measurement of th
population of electrons which do not overcome the cha
separation barrier in front of the target and return to the bu
as it is usually done in conventionalKa studies.
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