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Onset of diffuse reflectivity and fast electron flux inhibition in 528-nm-lasersolid interactions
at ultrahigh intensity
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Using a high-power femtosecond frequency-doubled Nd:glass laser system with a contrast ratfptbe10
interaction between light and matter up to intensities d? 1@ cm~2has 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 kaM@f 4
W cm2was measured. These experiments and the detection of the hard-x-ray ratatikeV—1 Me\j
implied a conversion efficiency of 16—102 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 fror « line radiation measuremen{s$1063-651X97)08209-3

PACS numbgs): 52.40.Nk, 52.25.Nr, 52.50.Jm, 32.30.Rj

I. INTRODUCTION [11,13 or Vlasov simulationd16], are in good agreement

. with experimental results in this intensity ranger]. How-
Over the past few years there has been considerabl b Yy range]

in the devel i 4 hiah | &ver, at ultrahigh intensities>(10'® W cm~2) additional
progress in the deve’opment of femiosecond high-power aﬁigh-intensity effects, such as surface modifications by hole

ser systems. These devices offer the posibility to create plagsoring (18], other surface instabilities, and relativistic ef-
mas with high electron densities and short scale lengths Uggcts may influence the absorption physics.

ing relatively moderate laser energies. One possible Suprathermal electrons can be produced by several
application of such lasers to inertial confinement fusion is thenechanisms, such as resonance absorption at the critical den-
recently proposed “fast ignitor’[1]. The basic idea of this sjty for p-polarized light[3,5,9,1]. Other sources of su-
scheme is to seperate the compression phase from fuel igngrathermal electrons can be parametric instabilities, e.g., Ra-
tion that leads to lower requirements on the drivers. Afterman scattering or two-plasmon decay. Electron parametric
compressing the fuel by several hundred-fold, the fuel is iginstabilities driven by femtosecond pulses propagating in a
nited by a burst of electrons that are created by an intensplasma of arbitrary density have been studied in detail by
subpicosecond laser pulse. In order to characterize the effQuesnelet al. [19]. For laser intensities where the quiver
ciency of the processes involved and to obtain an estimate afnergy equals or even exceeds the electron rest eneyefy
the laser parameters that are required for the fast ignitor correlativistic effects become important. Now magnetic fields
cept, it is necessary to determine the efficiency of the absorgare no longer negligible and the longitudinal component of
tion process and the production of suprathermal electrons. the Lorentz force accelerates electrons parallel to the laser
High-intensity ultrashort laser pulse absorption has beemwave vecto18]. PIC simulations have shown that the hot-
studied extensively both experimentally and theoretically forelectron temperaturkgT,, is approximately the quiver en-
laser pulses of different wavelengths ranging from Q26  ergy E,;, ; therefore,
(KrF lase) to 1.06 um (Nd:glass laserf2—13]. The absorp-
tion depends on several parameters, such as laser wave- KgTh~meC?[ V1+7.28<10 ¥(1A?)—1], )
length, intensity, pulse duration, polarization, or angle of in-
cidence. Furthermore, the intensity of the laser pulse has where IN? is in units of Wem 2 um?. For IN?=2X10'8
strong influence on the mechanisms of the laser-plasma inW cm~2 um? a temperature on the order of 250 keV is ob-
teraction. For instance, at intensities below®M¥ cm~2the  tained. Recent experiments in the ultra—intense relativistic
dominant absorption process is collisional absorption, thoughegime with IA?>10" Wcm™2 um? have confirmed this
resonance absorption may also play an important roleuprathermal electron scaling law with laser intensity, and
[3,5,14. The situation changes drastically at intensities extemperatures of up to 1 MeV have been meas{ized
ceeding 18 Wcm™?2 and, in particular, at oblique inci- The purpose of the present experiments is the investiga-
dence. Here the plasma becomes collisionless and collectit®n of the interaction of a light pulse of high contrast ratio
absorption mechanisms such as the Brunel effedl] and  (10'?) and high intensity ¥ 10*° W cm~?2) with solid tar-
the anomalous skin effe¢tl5,16 become dominant. One- gets. Of particular interest is the extension of our previous
dimensional simulations, with particle-in-celPIC) codes absorption experimen{$,17] to higher intensities, the effect
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ED (diameter about 4@um), leading to an intensity in this region
of about 188 W cm™~2.

For the absorption measurements the targets were alu-
minium layers(0.9 um thicknes$ evaporated on glass sub-
strates and for the experiments concerning the suprathermal
electrons the targets were combinations of thin metal foils
(10um of 5gNi, 7.6 um of ,gCu, and 15um of 3¢Zn). In
both cases the targets were mounted orxgetranslation
stage in a vacuum chamber and the position could be con-
) electron trolled with an accuracy of 1@m. The absorption measure-

off-axis
paraboloid spectrometer H H 11
ments were performed at two different intensities $oand

p-polarized light and for a variety of angles of incidence.
von Hamos The fraction of the absorbed energy was determined by mea-
spectrometer i ) i . i .
suring (i) the fraction of backscattered ligh{i) the fraction
_ ' of specular reflected light, andii) the fraction of diffuse
FIG. 1. Experimental setup. After the doubling crystdlDP)  reflected light. The diffuse reflected light was collected by an
the beam is reflected by two dielectric mirrdi3M) plus an off-  yjpricht sphere(25 cm diameter, inner surface coated with
axis paraboloid before impinging on the target. For the absorptlorBaSO4)_ The linearity of the sphere was carefully checked
measurements the back reflected and the specular reflected ”ghtﬁior to the measurements.
measured with energy detectdiD); the diffuse reflected light is In order to characterize the bursts of suprathermal elec-
collected by an Ulbricht spher@S) and measured with a photodi- .o odyced during laser irradiation two detector arrange-
ode (PD) that was equipped with color glass filter to discriminate ments were used. First was an electron spectrometer with six

lasma radiation. For the characterization of the suprathermal elec- -
P P channels from 0.4 to 3 MeV. The energy window of each

trons the Ulbricht sphere is removed and three detectors are useJ}i: . h
simultaneously: an electron spectrometer, a von Hamos spectron?— annel is about 100 kep20]. After entering the spectrom-

eter, and a pair of scintillators attached to photomultipli€s!). eter the electrons follow a circu_lar trajectory corresponding
to their momentum and are spatially separated at the plane of

detection. The magnetic field 700 G is produced by a pair

of the ponderomotive force on the plasma surface, the deteB—f permanent magnets and the entrance hole is covered by a

mination of temperature and produ_ctlon efficiencies of thelo-,um-thick aluminum foil in order to shield the detectors
fast electrons, as well as the detection of hard x rays.

from light.
Second, a von Hamos spectrometer with cylindrically
Il. EXPERIMENTAL PROCEDURE bent lithiumfluoride crystaldbending radius 100 mjmof

(200) and (420 orientations was used to measure e

The experiments were performed with the P102 laser agmission of thin foil target$21]. With the LiF crystals the
CEA/L-V in Limeil [22]. Using the chirped pulse amplifica- Ka lines from Ti (Z=22) to Ge g=32) could in principle
tion scheme, the laser delivers up to 30 J in aboutt350fs  be detected. The spectrometer was calibrated using the film
(assuming a Gaussian intensity profiéé 1056 nm. The laser calibration for Kodak-SB x-ray film and the calculated re-
pulse is subsequently frequency doubled by a potassium ditectivity data of LiF using kinetic diffraction theory. Al-
hydrogen phosphatékKDP) crystal (528 nm), reaching a though the reflectivity data are usually larger than the real
maximum conversion efficiency of about 25%ee Fig. 1 reflectivity of LiF, the estimated photon numbers still pro-
The repetition rate was one shot every 20 min and the shotside a lower limit for the number of emitted photons. The
to-shot fluctuations in energy were below 10%. The contrastietection limit of the spectrometer given by the film noise
ratio was better than 8, so even at the highest intensities, was about 3.8 10*° photons emitted into # per laser shot.
no preplasma is created on the target surface before the main In addition to the above-mentioned detectors, two scintil-
pulse. The contrast ratio was measured for the fundamentédtor arrangements were used to measure the hard-x-ray ra-
wavelength using an autocorrelater {0 p9, a crosscorrela-  diation in the energy range of 60 keV up to about 1 MeV: a
tor (<100 p3, and a fast photodiodex(100 p3 and was 3-mm-thick Nal scintillator crystal and a plastic scintillator,
found to be on the order of #0After the doubling crystal both coupled to photomultiplier tubes. The detectors were
there are three dicroic mirroréncluding the off-axis pa- shielded against scattered x-ray radiation by a lead tube
rabola, each having a reflectivity of about 95% for the sec-cover with a wall thickness of 0.5 cm. A wall of 5-cm-thick
ond harmonic and about 4% for the fundamental; therefordead bricks was additionally built up in front of the detectors.
the total contrast ratio is better than'30The pulses were Two 2.8-cm holes in the lead bricks in front of the detectors
focused using an off-axis parabol&/8) leading to a mini- ensured that only directly incident radiation was detected.
mum focal spot size of um full width at half maximum. The scintillators were located 300 cm from the plasma
The spatial intensity distribution in the focal plane was mea-ssource, approximately parallel to the target surface at normal
sured by a microscope objective leading to a magnified imincidence. The detectors were equipped with additional ap-
age that was subsequently recorded by a charge coupled dertures with a 1.2-cm opening in a 2-cm-thick Tungsten
vice camera. The central spot contained about 15% of thpiece, hence collecting a solid angle of £.80"° sr. One
full energy on targetwhich averaged around 5;the maxi- iron filter of 1.4 cm thickness in front of the Nal detector and
mum intensity was therefore about¥0N cm™2. The re-  a 1.4-cm iron plus 2-cm aluminum filter in front of the plas-
maining part of the energy is distributed over a large spotic detector attenuated the radiation in order to restrict the
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60 The peaking of the absorption at relatively small angles is
in contrast to the results of one-dimensional models of the
interaction of a high-intensity laser pulse with a steplike,
highly overdense plasma interface, where the angle of maxi-
40 o mum absorption is expected in the range of 45°-80°
[13,15,18. This and the fact that there is only a slight dif-
- ference betwees- and p-polarized light may be explained
o by the onset of surface irregularities as discussed in the In-

0l . o troduction. Variations in an originally flat surface reduce or
° even remove the distinction betweaa and p—polarized
. light in the variation of absorption with incidence angle that
is present at lower intensitig8,6,13. On the scale of the
ol . L s - surface variations there will be an admixture of angles with

0 10 20 30 40 50 60 70 80 90

respect to the surface normal.

Evidence of laser-induced surface modification is also

FIG. 2. Measured absorption as a function of the angle of inci-SUPPOrted by Fig. 3, where the relative fraction of diffuse
dence fors- and p-polarized light at an intensity of about o  reflected light is displayed as a function of the incident laser
W cm~2 in the center part of the focus. intensity. The total reflected light is the sum of diffuse,
specular, and backscattered components. The plot contains

; : e Il data points measured at 22.5° and 45° ®r and
toal . Th tral tivit @ cata por : ; ;
::ZTi%?gtseze(j ﬁ]ih;nizaégggp% ke\? fg elc ng fﬂirlflil\gi,@ we p-polarized light. The fraction of the diffuse reflected light

radiation from different materialé8.64, 15.75, 22.1, 35.86 increases dramatically with intensity, a behavior that would
44.47 55.38. 68.78. 74.23. and 9'7 1'4 I)(é)!o’duc.e(’j in .an' be expected for an increasingly roughened surface or a sur-
elelctr(’)n-b.ear’n-dr.iveh x-.ray,tube andyaray SQCO standard. otk strongly_ pushgd inward_ by the ponderomotive
Filter transmissions were determined from the Veigele table ressurg7,14,24. Using a simple estimate of the hole depth
[23]. X rays below 60 keV are not transmitted through a t the center of the focal spot and assuming that the modified

1 A-cm-thick iron filter and above 1 MeV the detection effi- surface acts like a hollow spherical dish, the fraction of the

ciency of the scintillators is drastically reduced, so that thedlffuse reflected light may be calculated as a function of the

detected photon energies are in the range of 60 keV to abo@ﬁ&ﬁéd?&%epth in the center of the focal spot may be
1 MeV. It was carefully checked that only x-ray radiation
originating from the target was measured by the detectors.

h= CtL \/

s s-pol
o o p-pol

absorption [%]

angle [deg]

Ne MZ  I\?

Since electrons emitted from the target have to pass a 2-cm B —
2ne M 1.37x 10"

BK7 window and at least a 1.4-cm iron filter their energy
must be higher than about 50 MeV before they impinge on
the detectors. First there are very few of such energetic eleavherec is the speed of lights; the pulse durationn, the
trons and second it is rather unlikely that these electrons theelectron densityn. the critical electron density the effec-
cause an event in the scintillator material. tive ionization degrean, the electron massy; the ion mass,
| the laser intensity in W cm?, and\ the laser wavelength
in um. The region between the two solid lines in Fig. 3
IIl. RESULTS AND DISCUSSION shows the result of such an estimate. The lower and the
A. Absorption measurements upper border lines correspond to an ion density equal to the
) ) solid state density of the bulk and to one-tenth of this value,

_ Although theoretical studies have been extended to ultraregpectively. The solid angle of the incoming laser light was
h|g_h intensities, to our knowlgdge no exp(_erlmental investi-yetermined by thé number of the focusing optics and the
gations of laser pulse absorption as a function of the angle afyjig angle of the specular reflected component is identical to
incidence and the polarlzatlog have been performed at inteRpis value since it is determined by the opening in the Ul-
sities in excess of 20 W cm™?and a contrast ratio of 38 pyicht sphere. The buckling of the surface now leads to a
Figure 2 shows the fraction of absorbed energy as a functiopger solid angle of the reflected light, therefore leading to a
of the angle of incidence fos- and p-polzanzed light at @  gecrease of the measured specular reflected component de-
normal incidence intensity of W cm™2. It can be seen tarmined by the opening in the Ulbricht sphere and an in-
that the absorption for the different directions of polarizationgrease of the diffuse reflected light. From Fig. 3 it may be

is only slightly different. The absorption peaks at 25° reacheen that there is qualitative agreement between the simple

for 67.5° is an upper limit of the absorption since at this
angle there was no opening in the Ulbricht sphere to measure
the specularly reflected light, which was therefore impinging
on the inner wall of the Ulbricht sphere. From calibration Figure 4 shows the number of electrons emitted per solid
measurements it is known that the energy density then exangle detected by the electron spectrometer as a function of
ceeds the linear range of the sphere. Therefore, the deteihe energy. The target was 400-nm aluminum evaporated on
mined value of the reflected energy is too small and the 7.6.um copper foil. The angle of incidence was 0° and the
absorption value is actually lower. electron spectrometer was oriented under an angle of 45°

@

B. Suprathermal electrons
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FIG. 3. Ratio of the diffuse to totdbackscattered plus diffuse plus specutaflected light. Due to surface modifications the specular
reflected light decreases with intensity. The solid lines correspond to the ratio of diffuse to total reflected light if the surface modification acts
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 one-tenth
of this value, respectively.

with respect to the target normal observing from the backon energies are 7.4781 ki K«), 8.0478 keV(Cu K a),
side. The intensity in the central spot was<40'® W  and 8.6389 keMZn Ka), respectively. Although the excita-
cm~ 2. Assuming an exponential electron distribution thetion energy of theK shell of the three elements is different,
temperature of the suprathermal electrons obtained from Fidor all lines the number of photons emitted from the target
4 is 420 keV, which is about 40% higher than what is ex-was on the order of (1:£0.4)x 10'2 photons per shot. Due
pected from the naive scaling ldsee Eq. 1 The total num-  to the fact that ndK « line radiation from the second or third
ber of electrons is about 1@8r~* and the total energy carried layer was observed and assuming that the electrons were
by the electrons is estimated to 0.75 mJ. Hence the efficiencyenetrating almost perpendicularly with respect to the target
for the production of suprathermal electrons, with respect teurface, the energy of the electrons producing the major part
the energy in the central spot, is on the order of 10 3. of the x-ray photons is lower than 60 ke&top layer: Cu or
The detection angle of the spectrometer has been varied b0 keV (top layer: Nj. It should be mentioned that the num-
tween 0° and 45°, but no significant difference either in elecber of electrons with higher energidsetween 400 keV and
tron energy or in the total number of electrons has bee®00 ke\), which were observed with the electron spectrom-
found. eter, is too low to produce enough photons that could be
In order to characterize the suprathermal electrons by dedetected with the von Hamos spectrometer. Even if one as-
tecting theK @ emission of multilayer targefd7,25-27the  sumes that the detected electrons belong to the high-energy
following target combinations have been used: Ni-Cu-Zn,wing of an exponential electron distribution with a tempera-
Zn-Ni-Cu, Cu-Zn, and Cu. The basic idea is that the electure of 420 keV, their number is too small to produce a
trons penetrate the first layer, lose part of their kinetic en-
ergy, and then penetrate the secdtidrd) layer. In all lay- 10° ¢
ers, inner-shell ionization by electron impact occurs. By 3\D\
measuring the intensity of tHea emission originating from o0 \
the first, the second, and the third layer as a function of the *
thickness of the top layer, the energy of the electrons and the
number of electrons can be dedude8,17. In practice, the
experimental results were compared to simulations that con-
sider theKa line production by electrons penetrating the
target with energies from 10 keV up to 1 MeV. The energy
loss of the electrons was calculated using the Bethe formula
and the Ka x-ray production was determined using the
K-shell cross sections frof28]. The relative line intensities
(Ka series as well as the fluorescence yields were taken 104 o s - - S
fr_om [29_]._|t should be mentioned that the calculated conver- electron energy [MeV]
sion efficiency from electron energy to x-ray energy is in
very good agreement with the experimental data for solid FIG. 4. Numbers of electrons as a function of the energy. From
targets used in electron microscof80]. the slope of the curve an electron temperature of 420 keV can be
For all target combinations only thK« line radiation  derived. The target was 400-nm aluminum on @copper foil
originating from the top layer has been observed. Their phoand the intensity was 10 W cm™2.

kT, = 420 keV

10° |

number of electrons [ke
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101 ties. The average current carried by the keV electrons over
P, . the pulse duratior=300 fs is aroundy=eNy/7=75 MA.
1 The resulting magnetic field at the perifery of the low-
intensity spot (40 um) would be ~4x10° G, which is
much higher than the £6G fields typical for long-pulse in-
teractions[32,33. Taking into account that the electrons
should have an anisotropic velocity distribution with a strong
component parallel to the target surface, the energy loss will
occur in a much thinner layer than expected for perpendicu-
detection limit * lar penetration. Thus the extracted temperature is larger than
I 15 keV and the conversion efficiency of laser energy to elec-
oo L . ) . ) . ) tron energy would be on the order of the observed values.
00 0.5 10 15 20 The stopping of electrons by means other than collisions
thickness of the Al layer [pm] with bulk atoms could also be explained by the buildup of
electrostatic fields. As Belét al. have pointed out recently
37), a gigagauss magnetic field carried into the target over a
typical electron stopping distance is energetically impossible
since it would store a magnetic energy orders of magnitude
detectable signal. Taking into account an average conversida'ger than the absorbed laser energy. The hot-electron cur-
efficiency of 7=0.8% (for the conversion of electrons be- rent must therefore be locally canceled by a return current.
tween 10 keV and 90 keV t&« photons, as found in the For a target with finite conductivity, however, it may not be
simulation, the number of electrons produced per laser shdtossible to balance a current of abouf ¥0in several hun-
is on the order ofNy=(1.4+0.5)x 10" This result might ~dred femtoseconds. On the other hand, the resulting charge
be explained by the fact that about 85% of the laser energgeparation will lead to the formation of large electrostatic
has been focused to an intensity of aboutM cm~2, pro- ields, thus slowing down the electrons and giving an effec-
ducing electrons with a temperature much lower than thdive stopping distanc&y of [37]
ones detected by the electron spectrometer. 1
In order to further characterize the electrons contributin :( T )2 g la 3um
to the K production by electron impact, targets consisting * |100keV | 160 -tm~1/\ 10®Wcm™2 B
of two layers, namely, aluminurfl00—1700 nrhon copper 3)
(7.6 um), were used. The CK « intensity was recorded as a
function of the thickness of the aluminum layer. Figure Swhere o is the conductivity of the target material and
shows that for aluminum layers thicker than about@Bno | =5, is the “absorbed intensity” into hot electrons. For
Cu Ka radiation can be detected. This result would be consglid aluminium at temperatures up to 100 eV, we have
sistent with the simulations only if the temperature of theg~10°Q"*m~* [4]. Taking I,=10"® Wcm 2 um?and
electrons is lower than 15 keV. But in this case the converT, =50 keV, we find that the electrons are stopped in a
sion efficiency intoKa radiation is extremely small and in characteristic distance d®,=0.75 um, considerably less
order to produce the observed numbeKaf photons a con-  than the range expected from the Bethe formula. This value

version efficiency of laser energy to electron energy in exis consistent with the results displayed in Fig. 5 given the
cess of 100% would be neccessary. Therefore, the electrongcertainty (<5) in determining the intensity of the region

must have a higher energy and the transport to a depth @urrounding the central spot.
more than about Lm is inhibited either by lateral transport Summarizing the measurements and the analysis concern-
or by some flux limitation mechanism. ing the suprathermal electrons, it can be stated that in the
The effect of lateral transport of suprathermal electrongentral focal spot about #®electrons with a characteristic
produced in laser-plasma experiments has been studied pf@mperature of 420 keV are generated, whereas in the sur-
viously by a number of authors in the context of nanoseconglounding region about 16 electrons with several tens of
laser-plasma interactiong31-33. Suprathermal electrons kev are produced. The current associated with the large
that are mostly accelerated perpendicular to the target surfaggimber of “low”-energy electrons creates enormous mag-
induce a toroidal magnetic field that is oriented symmetri-netic and electrostatic fields, which inhibit the perpendicular
cally to the target normal. In all of these works, electrody-penetration into the bulk material behind the plasma layer
namic simulations showed that the electron trajectories havgither by adding velocity components parallel to the target

lateral extensions along the target surface up to hundreds @{irface or by stopping the electrons due to the large electro-
micrometers depending on the strength of the magnetic fieldiatic force.

These theoretical results were qualitatively confirmed in ear-
lier experiments by Kieffeet al.[34,35 and Luther-Davies

et al. [36], who analyzed the angular dependence of the
bremsstrahlung and Kradiation and the lateral spatial x-ray =~ Aluminum layers evaporated on a glass substrate were
emission originating from suprathermal electrons producedised as targets. The results obtained with both detectors
with CO, and Nd:glass lasers. In contrast to the experimentyielded an averaged total energy of hard x-rays of seyedal

in Refs. [34-36, where IN2<10"® Wcm~2um?, the in the mentioned energy rangé0 keV to 1 Me\j. This
present investigation was performed at much higher intensieorresponds to a conversion efficiency of the incident laser

1011 L

number of Ka photons / shot

FIG. 5. CoppeK«a intensity as a function of the thickness of the
top aluminum layer. For aluminum layers thicker than about 80
nm no coppeKa signal can be detected.

C. Hard-x-ray radiation
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e TABLE |I. Measured efficiencies for hard-x-ray production using various laser systems.
Wavelength Intensity Pulse length
Laser (nm) Polarization (W cm™?) (fs) X rays Efficiency  Target Reference
Nd:glass 532 s 2x10%° 300 60 keV—-1 MeV 104 Al present work
Ti:sapphire 807 p 3x10% 120 > 30 keV 3x10°3 Ta [38]
5.7x10°4 Al
Nd:glass 1053 p 7x10Y 1500-2500 > 50 keV 2.6<10°3 Ta [7

energy in the central spot into hard x-rays of about®0rhe  laser pulse and the generation of large magnetic fields, inhib-
efficiency was derived under the assumptions of an isotropiiting an efficient energy coupling into hot electrons.
radiating source and a Maxwellian velocity distribution of

the suprathermal electrons in the plasma with a characteristic V. CONCLUSION
temperature of 420 keV as measured with the electron spec- -~ ) ]
trometer. It has been verified experimentally that even at peak in-

The energy coupling into hard x-rays is several orders ofénsities of 1&W cm~?the coupling of laser energy into the
magnitude lower compared to other experimental results?lasma reaches values of about 45%. The marginal differ-
which are summarized in Table I. Kmetetal. reported a  €Nce betwees- and p-polarized light and the fact that the
conversion efficiency of 51074 for aluminum targets specular reflected light decreases significantly with increas-
[38]. These investigations were done at a lower intensity ofnd laser intensity indicate that modifications in the surface
10" W cm ™ 2with a 0.5-TW Ti:sapphire laser. Using a scal- morphology, consistent with hole boring, become important.
ing of the x-ray yield with the 3/2 power of the incident laser The investigations of the suprathermal electrons using an
energy[38], one would expect for aluminum a conversion léctron spectrometer and the measurement of the hard-
efficiency of 10°2 for an intensity of 16° W cm~2. Other  X-fay emission yield a conversion efficiency from laser en-

. c : o Ce -3 i
investigations yielded similar values for the conversion into€'9Y to electron energy of 1d-10 °. These electrons, with
hard x rays(see Table)l The hard-x-ray emission is due to & temperature on the order qf 400 keV, are produced in the
bremsstrahlung from suprathermal electrons decelerated fentral focal spot that cogtams about 15% of the full laser
the solid behind the plasma. Usually the velocity distribution€€9Y- Approximately 85% of the laser energy is focused to
of the suprathermal electrons can be characterized in the cad8 intensity of about X6 W cm™?, leading to about 1

of a Maxwellian distribution by a single paramefgy (given ~ '0W-energy electrongseveral tens of kel The measure-

in eV unit. The conversion efficiency from electron ki- ments indicate that these electrons either have a strong ve-

netic energyE, into energyE, of bremsstrahlung radiation locity component parallel to th_e target surface or are decel-
can be estimated for a Maxwell distribution accordingag] ~ €rated by strong electrostatic fields. Even though the present
with 7=E,/E,=1.65x10 °ZV, where Z is the atomic investigation has bee_n restrllc.ted to “cold,” hlgh—densny tar-
number and is the kinetic electron energy in eV units. For 9€tS, the low conversion efficiency measured into MeV elec-
aluminum Z=13) and a characteristic temperature of 42070NS may equally apply to the hot, compressed plasma in the
keV this yields an efficiency of=0.9% for the bremsstrah- [ast ignitor scheme.

lung production. Therefore, only about 1Dof the laser en-

ergy contained in thg qentral spot is converteq into supra_th— ACKNOWLEDGMENTS
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