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Onset of diffuse reflectivity and fast electron flux inhibition in 528-nm-laser–solid interactions
at ultrahigh intensity
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Using a high-power femtosecond frequency-doubled Nd:glass laser system with a contrast ratio of 1012, the
interaction between light and matter up to intensities of 1019 W cm22has been investigated. The absorption of
the laser light in solid aluminum is almost independent of the polarization, peaks at about 25°, and reaches
values of almost 45%. Assuming an exponential electron distribution, a temperature of 420 keV at 431018

W cm22was measured. These experiments and the detection of the hard-x-ray radiation~60 keV–1 MeV!
implied a conversion efficiency of 1024–1023 into suprathermal electrons. A second low-energy electron
distribution either with trajectories mainly parallel to the target surface or with a reduced penetration depth due
to flux inhibition was also inferred fromKa line radiation measurements.@S1063-651X~97!08209-3#

PACS number~s!: 52.40.Nk, 52.25.Nr, 52.50.Jm, 32.30.Rj
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I. INTRODUCTION

Over the past few years there has been consider
progress in the development of femtosecond high-power
ser systems. These devices offer the posibility to create p
mas with high electron densities and short scale lengths
ing relatively moderate laser energies. One poss
application of such lasers to inertial confinement fusion is
recently proposed ‘‘fast ignitor’’@1#. The basic idea of this
scheme is to seperate the compression phase from fuel
tion that leads to lower requirements on the drivers. Af
compressing the fuel by several hundred-fold, the fuel is
nited by a burst of electrons that are created by an inte
subpicosecond laser pulse. In order to characterize the
ciency of the processes involved and to obtain an estimat
the laser parameters that are required for the fast ignitor c
cept, it is necessary to determine the efficiency of the abs
tion process and the production of suprathermal electron

High-intensity ultrashort laser pulse absorption has b
studied extensively both experimentally and theoretically
laser pulses of different wavelengths ranging from 0.25mm
~KrF laser! to 1.06mm ~Nd:glass laser! @2–13#. The absorp-
tion depends on several parameters, such as laser w
length, intensity, pulse duration, polarization, or angle of
cidence. Furthermore, the intensity of the laser pulse ha
strong influence on the mechanisms of the laser-plasma
teraction. For instance, at intensities below 1016 W cm22 the
dominant absorption process is collisional absorption, tho
resonance absorption may also play an important
@3,5,14#. The situation changes drastically at intensities
ceeding 1017 W cm22 and, in particular, at oblique inci
dence. Here the plasma becomes collisionless and colle
absorption mechanisms such as the Brunel effect@9,11# and
the anomalous skin effect@15,16# become dominant. One
dimensional simulations, with particle-in-cell~PIC! codes
561063-651X/97/56~4!/4608~7!/$10.00
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@11,13# or Vlasov simulations@16#, are in good agreemen
with experimental results in this intensity range@17#. How-
ever, at ultrahigh intensities (.1019 W cm22) additional
high-intensity effects, such as surface modifications by h
boring @18#, other surface instabilities, and relativistic e
fects, may influence the absorption physics.

Suprathermal electrons can be produced by sev
mechanisms, such as resonance absorption at the critical
sity for p-polarized light @3,5,9,11#. Other sources of su
prathermal electrons can be parametric instabilities, e.g.,
man scattering or two-plasmon decay. Electron parame
instabilities driven by femtosecond pulses propagating i
plasma of arbitrary density have been studied in detail
Quesnelet al. @19#. For laser intensities where the quive
energy equals or even exceeds the electron rest energymec

2,
relativistic effects become important. Now magnetic fiel
are no longer negligible and the longitudinal component
the Lorentz force accelerates electrons parallel to the la
wave vector@18#. PIC simulations have shown that the ho
electron temperaturekBTh is approximately the quiver en
ergy Equiv ; therefore,

kBTh'mec
2@A117.28310219~ Il2!21#, ~1!

where Il2 is in units of W cm22 mm2. For Il25231018

W cm22 mm2 a temperature on the order of 250 keV is o
tained. Recent experiments in the ultra–intense relativi
regime with Il2.1019 W cm22 mm2 have confirmed this
suprathermal electron scaling law with laser intensity, a
temperatures of up to 1 MeV have been measured@20#.

The purpose of the present experiments is the invest
tion of the interaction of a light pulse of high contrast rat
(1012) and high intensity (.1019 W cm22) with solid tar-
gets. Of particular interest is the extension of our previo
absorption experiments@5,17# to higher intensities, the effec
4608 © 1997 The American Physical Society
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56 4609ONSET OF DIFFUSE REFLECTIVITY AND FAST . . .
of the ponderomotive force on the plasma surface, the de
mination of temperature and production efficiencies of
fast electrons, as well as the detection of hard x rays.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with the P102 lase
CEA/L-V in Limeil @22#. Using the chirped pulse amplifica
tion scheme, the laser delivers up to 30 J in about 350650 fs
~assuming a Gaussian intensity profile! at 1056 nm. The lase
pulse is subsequently frequency doubled by a potassium
hydrogen phosphate~KDP! crystal ~528 nm!, reaching a
maximum conversion efficiency of about 25%~see Fig. 1!.
The repetition rate was one shot every 20 min and the s
to-shot fluctuations in energy were below 10%. The contr
ratio was better than 1012, so even at the highest intensitie
no preplasma is created on the target surface before the
pulse. The contrast ratio was measured for the fundame
wavelength using an autocorrelator (,10 ps!, a crosscorrela-
tor (,100 ps!, and a fast photodiode (.100 ps! and was
found to be on the order of 108. After the doubling crystal
there are three dicroic mirrors~including the off-axis pa-
rabola!, each having a reflectivity of about 95% for the se
ond harmonic and about 4% for the fundamental; therefo
the total contrast ratio is better than 1012. The pulses were
focused using an off-axis parabola (f /3) leading to a mini-
mum focal spot size of 5mm full width at half maximum.
The spatial intensity distribution in the focal plane was m
sured by a microscope objective leading to a magnified
age that was subsequently recorded by a charge couple
vice camera. The central spot contained about 15% of
full energy on target~which averaged around 5 J!; the maxi-
mum intensity was therefore about 1019 W cm22. The re-
maining part of the energy is distributed over a large s

FIG. 1. Experimental setup. After the doubling crystal~KDP!
the beam is reflected by two dielectric mirrors~DM! plus an off-
axis paraboloid before impinging on the target. For the absorp
measurements the back reflected and the specular reflected lig
measured with energy detectors~ED!; the diffuse reflected light is
collected by an Ulbricht sphere~US! and measured with a photod
ode ~PD! that was equipped with color glass filter to discrimina
plasma radiation. For the characterization of the suprathermal e
trons the Ulbricht sphere is removed and three detectors are
simultaneously: an electron spectrometer, a von Hamos spect
eter, and a pair of scintillators attached to photomultipliers~PM!.
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~diameter about 40mm!, leading to an intensity in this region
of about 1018 W cm22.

For the absorption measurements the targets were
minium layers~0.9 mm thickness! evaporated on glass sub
strates and for the experiments concerning the suprathe
electrons the targets were combinations of thin metal fo
(10mm of 28Ni, 7.6 mm of 29Cu, and 15mm of 30Zn!. In
both cases the targets were mounted on anxyz-translation
stage in a vacuum chamber and the position could be c
trolled with an accuracy of 10mm. The absorption measure
ments were performed at two different intensities fors- and
p-polarized light and for a variety of angles of incidenc
The fraction of the absorbed energy was determined by m
suring ~i! the fraction of backscattered light,~ii ! the fraction
of specular reflected light, and~iii ! the fraction of diffuse
reflected light. The diffuse reflected light was collected by
Ulbricht sphere~25 cm diameter, inner surface coated wi
BaSO4). The linearity of the sphere was carefully check
prior to the measurements.

In order to characterize the bursts of suprathermal e
trons produced during laser irradiation two detector arran
ments were used. First was an electron spectrometer with
channels from 0.4 to 3 MeV. The energy window of ea
channel is about 100 keV@20#. After entering the spectrom
eter the electrons follow a circular trajectory correspond
to their momentum and are spatially separated at the plan
detection. The magnetic field~1700 G! is produced by a pair
of permanent magnets and the entrance hole is covered
10-mm-thick aluminum foil in order to shield the detecto
from light.

Second, a von Hamos spectrometer with cylindrica
bent lithiumfluoride crystals~bending radius 100 mm! of
~200! and ~420! orientations was used to measure theKa
emission of thin foil targets@21#. With the LiF crystals the
Ka lines from Ti (Z522) to Ge (Z532) could in principle
be detected. The spectrometer was calibrated using the
calibration for Kodak-SB x-ray film and the calculated r
flectivity data of LiF using kinetic diffraction theory. Al-
though the reflectivity data are usually larger than the r
reflectivity of LiF, the estimated photon numbers still pr
vide a lower limit for the number of emitted photons. Th
detection limit of the spectrometer given by the film noi
was about 3.031010 photons emitted into 4p per laser shot.

In addition to the above-mentioned detectors, two scin
lator arrangements were used to measure the hard-x-ra
diation in the energy range of 60 keV up to about 1 MeV
3-mm-thick NaI scintillator crystal and a plastic scintillato
both coupled to photomultiplier tubes. The detectors w
shielded against scattered x-ray radiation by a lead t
cover with a wall thickness of 0.5 cm. A wall of 5-cm-thic
lead bricks was additionally built up in front of the detecto
Two 2.8-cm holes in the lead bricks in front of the detecto
ensured that only directly incident radiation was detect
The scintillators were located 300 cm from the plasm
source, approximately parallel to the target surface at nor
incidence. The detectors were equipped with additional
ertures with a 1.2-cm opening in a 2-cm-thick Tungst
piece, hence collecting a solid angle of 1.331025 sr. One
iron filter of 1.4 cm thickness in front of the NaI detector an
a 1.4-cm iron plus 2-cm aluminum filter in front of the pla
tic detector attenuated the radiation in order to restrict
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4610 56T. FEURERet al.
response to a linear regime. The spectral sensitivities w
calibrated in the range of 9 keV to 1.23 MeV usingKa
radiation from different materials~8.64, 15.75, 22.1, 35.86
44.47, 55.38, 68.78, 74.23, and 97.14 keV! produced in an
electron-beam-driven x-ray tube and ag-ray 27

60Co standard.
Filter transmissions were determined from the Veigele tab
@23#. X rays below 60 keV are not transmitted through
1.4-cm-thick iron filter and above 1 MeV the detection ef
ciency of the scintillators is drastically reduced, so that
detected photon energies are in the range of 60 keV to a
1 MeV. It was carefully checked that only x-ray radiatio
originating from the target was measured by the detect
Since electrons emitted from the target have to pass a 2
BK7 window and at least a 1.4-cm iron filter their ener
must be higher than about 50 MeV before they impinge
the detectors. First there are very few of such energetic e
trons and second it is rather unlikely that these electrons
cause an event in the scintillator material.

III. RESULTS AND DISCUSSION

A. Absorption measurements

Although theoretical studies have been extended to u
high intensities, to our knowledge no experimental inve
gations of laser pulse absorption as a function of the angl
incidence and the polarization have been performed at in
sities in excess of 1019 W cm22and a contrast ratio of 1012.
Figure 2 shows the fraction of absorbed energy as a func
of the angle of incidence fors- and p-polarized light at a
normal incidence intensity of 1019 W cm22. It can be seen
that the absorption for the different directions of polarizati
is only slightly different. The absorption peaks at 25° rea
ing values of about 40-45 % forp-polarized light. The value
for 67.5° is an upper limit of the absorption since at th
angle there was no opening in the Ulbricht sphere to mea
the specularly reflected light, which was therefore imping
on the inner wall of the Ulbricht sphere. From calibratio
measurements it is known that the energy density then
ceeds the linear range of the sphere. Therefore, the d
mined value of the reflected energy is too small and
absorption value is actually lower.

FIG. 2. Measured absorption as a function of the angle of in
dence fors- and p-polarized light at an intensity of about 1019

W cm22 in the center part of the focus.
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The peaking of the absorption at relatively small angles
in contrast to the results of one-dimensional models of
interaction of a high-intensity laser pulse with a steplik
highly overdense plasma interface, where the angle of m
mum absorption is expected in the range of 45° –8
@13,15,16#. This and the fact that there is only a slight di
ference betweens- and p-polarized light may be explained
by the onset of surface irregularities as discussed in the
troduction. Variations in an originally flat surface reduce
even remove the distinction betweens- and p–polarized
light in the variation of absorption with incidence angle th
is present at lower intensities@3,6,12#. On the scale of the
surface variations there will be an admixture of angles w
respect to the surface normal.

Evidence of laser-induced surface modification is a
supported by Fig. 3, where the relative fraction of diffu
reflected light is displayed as a function of the incident la
intensity. The total reflected light is the sum of diffus
specular, and backscattered components. The plot con
all data points measured at 22.5° and 45° fors- and
p-polarized light. The fraction of the diffuse reflected lig
increases dramatically with intensity, a behavior that wo
be expected for an increasingly roughened surface or a
face that is strongly pushed inward by the ponderomot
pressure@7,14,24#. Using a simple estimate of the hole dep
at the center of the focal spot and assuming that the mod
surface acts like a hollow spherical dish, the fraction of t
diffuse reflected light may be calculated as a function of
intensity. The depth in the center of the focal spot may
estimated as@18#

h5ctLA nc

2ne

meZ

mi

Il2

1.3731018
, ~2!

wherec is the speed of light,tL the pulse duration,ne the
electron density,nc the critical electron density,Z the effec-
tive ionization degree,me the electron mass,mi the ion mass,
I the laser intensity in W cm22, andl the laser wavelength
in mm. The region between the two solid lines in Fig.
shows the result of such an estimate. The lower and
upper border lines correspond to an ion density equal to
solid state density of the bulk and to one-tenth of this val
respectively. The solid angle of the incoming laser light w
determined by thef number of the focusing optics and th
solid angle of the specular reflected component is identica
this value since it is determined by the opening in the U
bricht sphere. The buckling of the surface now leads to
larger solid angle of the reflected light, therefore leading t
decrease of the measured specular reflected componen
termined by the opening in the Ulbricht sphere and an
crease of the diffuse reflected light. From Fig. 3 it may
seen that there is qualitative agreement between the sim
model and the experimental data.

B. Suprathermal electrons

Figure 4 shows the number of electrons emitted per s
angle detected by the electron spectrometer as a functio
the energy. The target was 400-nm aluminum evaporated
a 7.6-mm copper foil. The angle of incidence was 0° and t
electron spectrometer was oriented under an angle of

i-
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56 4611ONSET OF DIFFUSE REFLECTIVITY AND FAST . . .
FIG. 3. Ratio of the diffuse to total~backscattered plus diffuse plus specular! reflected light. Due to surface modifications the specu
reflected light decreases with intensity. The solid lines correspond to the ratio of diffuse to total reflected light if the surface modifica
as a spherical mirror. The lower and the upper lines are calculated for an ion density equal to solid-state density of the bulk and to
of this value, respectively.
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with respect to the target normal observing from the ba
side. The intensity in the central spot was 431018 W
cm22. Assuming an exponential electron distribution t
temperature of the suprathermal electrons obtained from
4 is 420 keV, which is about 40% higher than what is e
pected from the naive scaling law@see Eq. 1#. The total num-
ber of electrons is about 109 sr21 and the total energy carrie
by the electrons is estimated to 0.75 mJ. Hence the efficie
for the production of suprathermal electrons, with respec
the energy in the central spot, is on the order of 331023.
The detection angle of the spectrometer has been varied
tween 0° and 45°, but no significant difference either in el
tron energy or in the total number of electrons has b
found.

In order to characterize the suprathermal electrons by
tecting theKa emission of multilayer targets@17,25–27# the
following target combinations have been used: Ni-Cu-Z
Zn-Ni-Cu, Cu-Zn, and Cu. The basic idea is that the el
trons penetrate the first layer, lose part of their kinetic
ergy, and then penetrate the second~third! layer. In all lay-
ers, inner-shell ionization by electron impact occurs.
measuring the intensity of theKa emission originating from
the first, the second, and the third layer as a function of
thickness of the top layer, the energy of the electrons and
number of electrons can be deduced@25,17#. In practice, the
experimental results were compared to simulations that c
sider theKa line production by electrons penetrating th
target with energies from 10 keV up to 1 MeV. The ener
loss of the electrons was calculated using the Bethe form
and the Ka x-ray production was determined using th
K-shell cross sections from@28#. The relative line intensities
(Ka series! as well as the fluorescence yields were tak
from @29#. It should be mentioned that the calculated conv
sion efficiency from electron energy to x-ray energy is
very good agreement with the experimental data for so
targets used in electron microscopy@30#.

For all target combinations only theKa line radiation
originating from the top layer has been observed. Their p
k
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ton energies are 7.4781 keV~Ni Ka), 8.0478 keV~Cu Ka),
and 8.6389 keV~Zn Ka), respectively. Although the excita
tion energy of theK shell of the three elements is differen
for all lines the number of photons emitted from the targ
was on the order of (1.160.4)31012 photons per shot. Due
to the fact that noKa line radiation from the second or thir
layer was observed and assuming that the electrons w
penetrating almost perpendicularly with respect to the tar
surface, the energy of the electrons producing the major
of the x-ray photons is lower than 60 keV~top layer: Cu! or
90 keV ~top layer: Ni!. It should be mentioned that the num
ber of electrons with higher energies~between 400 keV and
900 keV!, which were observed with the electron spectro
eter, is too low to produce enough photons that could
detected with the von Hamos spectrometer. Even if one
sumes that the detected electrons belong to the high-en
wing of an exponential electron distribution with a tempe
ture of 420 keV, their number is too small to produce

FIG. 4. Numbers of electrons as a function of the energy. Fr
the slope of the curve an electron temperature of 420 keV can
derived. The target was 400-nm aluminum on 7.6-mmcopper foil
and the intensity was 431018 W cm22.
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4612 56T. FEURERet al.
detectable signal. Taking into account an average conver
efficiency of h50.8% ~for the conversion of electrons be
tween 10 keV and 90 keV toKa photons!, as found in the
simulation, the number of electrons produced per laser s
is on the order ofNH.(1.460.5)31014. This result might
be explained by the fact that about 85% of the laser ene
has been focused to an intensity of about 1018 W cm22, pro-
ducing electrons with a temperature much lower than
ones detected by the electron spectrometer.

In order to further characterize the electrons contribut
to the Ka production by electron impact, targets consisti
of two layers, namely, aluminum~100–1700 nm! on copper
~7.6mm!, were used. The CuKa intensity was recorded as
function of the thickness of the aluminum layer. Figure
shows that for aluminum layers thicker than about 0.5mm no
Cu Ka radiation can be detected. This result would be c
sistent with the simulations only if the temperature of t
electrons is lower than 15 keV. But in this case the conv
sion efficiency intoKa radiation is extremely small and i
order to produce the observed number ofKa photons a con-
version efficiency of laser energy to electron energy in
cess of 100% would be neccessary. Therefore, the elect
must have a higher energy and the transport to a dept
more than about 1mm is inhibitedeither by lateral transpor
or by some flux limitation mechanism.

The effect of lateral transport of suprathermal electro
produced in laser-plasma experiments has been studied
viously by a number of authors in the context of nanosec
laser-plasma interactions@31–33#. Suprathermal electron
that are mostly accelerated perpendicular to the target sur
induce a toroidal magnetic field that is oriented symme
cally to the target normal. In all of these works, electrod
namic simulations showed that the electron trajectories h
lateral extensions along the target surface up to hundred
micrometers depending on the strength of the magnetic fi
These theoretical results were qualitatively confirmed in e
lier experiments by Kiefferet al. @34,35# and Luther-Davies
et al. @36#, who analyzed the angular dependence of
bremsstrahlung and Ka radiation and the lateral spatial x-ra
emission originating from suprathermal electrons produ
with CO2 and Nd:glass lasers. In contrast to the experime
in Refs. @34–36#, where Il2,1015 W cm22 mm2, the
present investigation was performed at much higher inte

FIG. 5. CopperKa intensity as a function of the thickness of th
top aluminum layer. For aluminum layers thicker than about 8
nm no copperKa signal can be detected.
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ties. The average current carried by the keV electrons o
the pulse durationt5300 fs is aroundI H5eNH /t.75 MA.
The resulting magnetic field at the perifery of the low
intensity spot (;40 mm! would be ;43109 G, which is
much higher than the 106-G fields typical for long-pulse in-
teractions@32,33#. Taking into account that the electron
should have an anisotropic velocity distribution with a stro
component parallel to the target surface, the energy loss
occur in a much thinner layer than expected for perpend
lar penetration. Thus the extracted temperature is larger
15 keV and the conversion efficiency of laser energy to el
tron energy would be on the order of the observed value

The stopping of electrons by means other than collisio
with bulk atoms could also be explained by the buildup
electrostatic fields. As Bellet al. have pointed out recently
@37#, a gigagauss magnetic field carried into the target ove
typical electron stopping distance is energetically imposs
since it would store a magnetic energy orders of magnit
larger than the absorbed laser energy. The hot-electron
rent must therefore be locally canceled by a return curre
For a target with finite conductivity, however, it may not b
possible to balance a current of about 107 A in several hun-
dred femtoseconds. On the other hand, the resulting ch
separation will lead to the formation of large electrosta
fields, thus slowing down the electrons and giving an eff
tive stopping distanceRH of @37#

RH5S TH

100 keVD2S s

106 V21 m21D S I a

1018W cm22D 21

3 mm,

~3!

where s is the conductivity of the target material an
I a5hHI is the ‘‘absorbed intensity’’ into hot electrons. Fo
solid aluminium at temperatures up to 100 eV, we ha
s;106 V21 m21 @4#. Taking I a51018 W cm22 mm2and
TH550 keV, we find that the electrons are stopped in
characteristic distance ofRH.0.75 mm, considerably less
than the range expected from the Bethe formula. This va
is consistent with the results displayed in Fig. 5 given t
uncertainty (35) in determining the intensity of the regio
surrounding the central spot.

Summarizing the measurements and the analysis conc
ing the suprathermal electrons, it can be stated that in
central focal spot about 1010 electrons with a characteristi
temperature of 420 keV are generated, whereas in the
rounding region about 1014 electrons with several tens o
keV are produced. The current associated with the la
number of ‘‘low’’-energy electrons creates enormous ma
netic and electrostatic fields, which inhibit the perpendicu
penetration into the bulk material behind the plasma la
either by adding velocity components parallel to the tar
surface or by stopping the electrons due to the large elec
static force.

C. Hard-x-ray radiation

Aluminum layers evaporated on a glass substrate w
used as targets. The results obtained with both detec
yielded an averaged total energy of hard x-rays of severamJ
in the mentioned energy range~60 keV to 1 MeV!. This
corresponds to a conversion efficiency of the incident la

0



56 4613ONSET OF DIFFUSE REFLECTIVITY AND FAST . . .
è TABLE I. Measured efficiencies for hard-x-ray production using various laser systems.

Wavelength Intensity Pulse length
Laser ~nm! Polarization ~W cm22) ~fs! X rays Efficiency Target Reference

Nd:glass 532 s 231019 300 60 keV–1 MeV 1024 Al present work
Ti:sapphire 807 p 331018 120 . 30 keV 331023 Ta @38#

5.731024 Al
Nd:glass 1053 p 731017 1500–2500 . 50 keV 2.631023 Ta @7#
p
of
is
pe

o
lt

o
l-
er
n

to
o
d
on
ca

r
20
-

at
is
e
a
th

hib-

in-
e
fer-
e
as-
ce
nt.
an

ard-
n-

the
ser

to

ve-
cel-
sent
r-

ec-
the

his
energy in the central spot into hard x-rays of about 1026. The
efficiency was derived under the assumptions of an isotro
radiating source and a Maxwellian velocity distribution
the suprathermal electrons in the plasma with a character
temperature of 420 keV as measured with the electron s
trometer.

The energy coupling into hard x-rays is several orders
magnitude lower compared to other experimental resu
which are summarized in Table I. Kmetecet al. reported a
conversion efficiency of 5.731024 for aluminum targets
@38#. These investigations were done at a lower intensity
1018 W cm22with a 0.5-TW Ti:sapphire laser. Using a sca
ing of the x-ray yield with the 3/2 power of the incident las
energy@38#, one would expect for aluminum a conversio
efficiency of 1023 for an intensity of 1019 W cm22. Other
investigations yielded similar values for the conversion in
hard x rays~see Table I!. The hard-x-ray emission is due t
bremsstrahlung from suprathermal electrons decelerate
the solid behind the plasma. Usually the velocity distributi
of the suprathermal electrons can be characterized in the
of a Maxwellian distribution by a single parameterTH ~given
in eV units!. The conversion efficiencyh from electron ki-
netic energyEk into energyEx of bremsstrahlung radiation
can be estimated for a Maxwell distribution according to@39#
with h5Ex /Ek51.6531029ZV, where Z is the atomic
number andV is the kinetic electron energy in eV units. Fo
aluminum (Z513) and a characteristic temperature of 4
keV this yields an efficiency ofh50.9% for the bremsstrah
lung production. Therefore, only about 1024 of the laser en-
ergy contained in the central spot is converted into supr
ermal electrons. Within an order of magnitude this
consistent with the results obtained with the electron sp
trometer. The comparatively low conversion efficiency m
be a consequence of the extremely high contrast ratio of
.
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.
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tic
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laser pulse and the generation of large magnetic fields, in
iting an efficient energy coupling into hot electrons.

IV. CONCLUSION

It has been verified experimentally that even at peak
tensities of 1019 W cm22the coupling of laser energy into th
plasma reaches values of about 45%. The marginal dif
ence betweens- and p-polarized light and the fact that th
specular reflected light decreases significantly with incre
ing laser intensity indicate that modifications in the surfa
morphology, consistent with hole boring, become importa
The investigations of the suprathermal electrons using
electron spectrometer and the measurement of the h
x-ray emission yield a conversion efficiency from laser e
ergy to electron energy of 1024–1023. These electrons, with
a temperature on the order of 400 keV, are produced in
central focal spot that contains about 15% of the full la
energy. Approximately 85% of the laser energy is focused
an intensity of about 1018 W cm22, leading to about 1014

low-energy electrons~several tens of keV!. The measure-
ments indicate that these electrons either have a strong
locity component parallel to the target surface or are de
erated by strong electrostatic fields. Even though the pre
investigation has been restricted to ‘‘cold,’’ high-density ta
gets, the low conversion efficiency measured into MeV el
trons may equally apply to the hot, compressed plasma in
fast ignitor scheme.
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