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We have performed a detailed quantitative study of the intense electron pulse produced by nonlinear
absorption during ultrafast laser-solid interaction at near normal incidence. The resulting Ea x-ray lines

have been investigated by time-integrated spectroscopy in the 1-4 keV range and by Monte Carlo simu-

lations of hot electron energy penetration in Al-Si02 and Al-CaF2 targets. Calibration of the observed
electron fluence and Ea line intensities was provided by direct monoenergetic electron beam interaction
with the same target. Optimum conditions for hot electron production were obtained by setting the

prepulse energy fluence close to the target damage threshold. Results indicate that Ea lines were pro-
duced by a distribution function of hot electrons which carry 12% of the incident laser energy with a
characteristic temperature of about 8 keV. Spectrally and spatially resolved Ea emission measurements

using a cooled charge-coupled-device detector demonstrate the scaling capabilities of this x-ray source to
energies in excess of 6 keV.

PACS number(s): 52.50.Jm, 52.40.Nk, 52.70.La, 32.30.Rj

I. INTRODUCTION

The generation of ultrabright and ultrafast x-ray pulses
is a challenge in the study of unexplored physics of high
density and high temperature plasmas [1]. Such plasmas
are produced when an intense ultrashort laser pulse (100
fs, 10'6 '7 W/cm~) is focused on solid targets [2—9].
Laser energy absorbed within the laser skin depth [10,11]
gives rise to a thermal plasma of several hundred electron
volts temperature, approaching solid density [12,13].
Very short x-ray emission from the thermal plasma is ex-
pected within this short time scale because electrons can-
not transfer a significant fraction of their energy to ions
and very weak expansion occurs during the pulse
[14—16]. Behind the thermal plasma, fast electrons re-
sulting from the specific interaction of the incident laser
light through a very steep density gradient —with a scale
length being only a fraction of the incident laser wave-
length [17—20]—eject inner shell electrons of the target
plasma. This produces fluorescence line radiation as the
inner shell vacancy is filled from outer shells [7,21 —23].

Most of our knowledge of the physics of laser plasmas
in the Ik &10' (W/cm )pm regime (where I is the
laser irradiance and A, its wavelength) comes from the
work done with CO2 and Nd:glass lasers 10—20 years ago
[24,25]. Short pulse visible and uv lasers operate now in
similar IA, regimes. The use of Ea radiation to measure
the electron energy distribution function and target
preheating [26—28], resonance absorption and the role of
density profile steepening by photon and electron
momentum transfer [29,30], suprathermal electron ener-

gy deposition mechanisms [31,32], and demonstration of
highly energetic electron production [33] have already
been studied.

Similarly to what has been observed in the long pulse
and long wavelength laser regime, it has been shown that
laser absorption, hot electron generation and x-ray j:o.
brightness from short pulse laser-produced plasmas can
be enhanced with p-polarized light at large angle of in-

cidence [22,34—38]. High conversion into supra-keV
electrons is achieved during the subpicosecond laser pulse
duration because hot electrons are produced by nonlinear
eff'ects such as Brunel ("vacuum heating") [17] or reso-
nance absorption [25,39]. With a corrugated or a rough
target surface, coupling of the incident laser energy with
surface plasmon modes [40] is made possible and the total
laser absorption increases [41,42].

In the present experiment, we have controlled the
roughness of the target surface by varying the amplified
spontaneous emission (ASE) prepulse energy level [43].
Previous studies have shown the strong influence of a
poor energy contrast ratio between the laser pedestal and
the short pulse on the x-ray pulse duration in the soft x-

ray range [44] and on conversion efficiency [12,45,46].
Rippling of the target surface [47] by ASE removes the
p-polarized radiation requirement for resonance absorp-
tion. We note that we operate in a prepulse fluence range
which is very much smaller than in a previous work [45].
Indeed, our Schlieren experiments [48] have shown that
with our level of prepulse energy (less than 1 GW/cm ir-
radiance), the electron density gradient scale length at
critical density remains smaller than the laser uaUelength.

Being produced by highly nonlinear efFects, the fast elec-
trons are thought to last no longer than the duration of
the laser pulse. Up to now, the time duration of the
thermal x-ray pulse has been found to be less than =2 ps,
the ultimate resolution of ultrafast streak cameras
[49—51]. This incoherent x-ray fiash can have interesting
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applications in the study of conformation change kinetics
of biological molecules [52,53] or in photoionized x-ray
laser schemes [44,54].

In this paper, the spectral bandwidth and absolute
brightness of both electrons and x-rays generated from
ultra bright 100 fs laser interaction with solid targets will
be characterized. In Secs. II and III, we describe the ex-
perimental setup and the experimental results. The
analysis of our data and the description of our Monte
Carlo model for electron energy deposition is presented
in Sec. IV. Section V gives absolute electron fluence and
Ka yield and we conclude in Sec. VI.

II. EXPERIMENTAL SETUP

In the experiment, a full width at half maximum
(FWHM) 100 fs, 1.5 mJ laser pulse is provided by a
colliding-pulse mode-locked oscillator followed by a
series of dye amplifiers (620 nm wavelength) pumped at a
repetition rate of 10 Hz by a diode-injected, frequency-
doubled, Q-switched Nd:YAG laser. Using a f/8 lens
positioned at an angle of 7' with respect to normal in-
cidence, we obtain a maximum focused intensity of
3 X 10' W/cm on target in a near diffraction-limited fo-
cal spot. The full width at half maximum {FWHM} spot
size was measured to be 7 p,m (Airy focus with the first
null at a diameter of 12 ym) by equivalent focal plane mi-
croscopy. This corresponds roughly to a 50 p,m
(FWHM) focal spot area. The laser pulse shape was mea-
sured during each experiment by a time-sampling third-
order autocorrelator with a dynamic range larger than
10'.

Due to the critical dependence of the x-ray emission on
the ASE prepulse energy and prepulse onset delay [43]
the characteristics of the ASE pedestal were monitored,
with a resolution of 100 ps, by a 7 0Hz oscilloscope and
a fast photodiode. An ultrafast shutter consisting of a
self-phase modulation water ceH and a diffraction grating
was added in front of the photodiode to reduce the short
pulse intensity in the clear aperture of the diode thus
avoiding high voltage distortions in the diode-
oscilloscope combination. The delay of the onset of the
prepulse with respect to the main pulse and the prepulse
energy can be varied [45] by modifying the operating con-
ditions of the Nd:YAG pump laser. Maximum x-ray

conversion, monitored by a filtered {hv) 1 keV) x-ray
photodiode, was reached for an ASE fluence of 0.7 J/cm
[43]. This is close to the known damage threshold of
aluminum. We note that our ASE pedestal intensity was
smaHer, by more than one order of magnitude, than the
one used in a similar study by Cobble and co-workers [45]
who used 650 fs, 248 nm laser pulses. No evidence was
found for a variation of the absorbed laser energy with
the polarization state of the laser. We note again that
Schlieren measurements [48] show that the critical densi-

ty surface of the ASE performed plasma is located at less
than 1 pm (our spatial resolution} from the solid target
surface at the time of laser peak.

To measure the laser energy penetration depth [26,55],
we used bilayered targets consisting of different film
thickness of aluminum deposited on Si02 and CaF2 sub-
strates. They were mounted on a X-Y motorized transla-
tion system in order to expose a fresh surface of the tar-
get to each laser shot. X-ray lines from the two layers of
the target were collected at the same time by a double
crystal VonHamos spectrograph built with two curved
crystals positioned side by side. PET (pentaerythritol,
2d =8.742 A) or LiF (lithium fluoride, 2d =4.027 A)
crystals, having both a 10 cm curvature radius, focused
the x-ray lines on a film detector (Kodak SB392) covered
by a 25 pm Be filter. The film density was converted to
intensity by using the known crystal reflectivity, the filter
transmission and the spectrograph geometry. To de-
crease the background on the film (which was attributed
to high energy electron-induced x-ray fluorescence from
the crystals} and to increase the resolution of the spectro-
graph, we have fitted the entrance port of the spectro-
graph with a permanent magnet producing a static mag-
netic field of 500 Gauss parallel to the film plane. The
whole experimental setup was carefully designed to en-
sure a very good reproductibility of successive experi-
ments which require a large number of shots (5000) and a
systematic variation of the aluminum film thickness.

III. EXPERIMENTAL RESULTS

X-ray lines measured by the two PET crystals are
shown in Fig. 1 using an aluminum film of 500 A deposit-
ed on a fused silicate substrate. The laser intensity was
3 X 10' W/cm . At energies close to 1580 eV (left in Fig.

I

Ka Al

~ 20-
Ka Al (0-like)

O
g) 15—

Ku Al (N-like)

~ 10-

M 5—
6)

Al He-like
21s -1s2p

Al Li-like satellites

20—

15—

10—

Ka Si

Ku Si (0-like)

AI He-like
21s -1s3p

1

FIG. 1. Spectra obtained with
500 A Al thickness on a Si02
substrate at a laser intensity of
3X 10' %V/cm . Left: emission
from aluminum plasma. Right:
emission from silicon plasma.
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FIG. 2. He-like 1s -1s2p resonance line intensity as a func-

tion of Al thickness at a laser intensity of 3 X 10' W/cm .

1) well-defined x-ray line features correspond to a high
temperature aluminum plasma from which the He-like
Is -Is2p resonance line and its lithiumlike dielectronic
satellites are emitted. Based on the fact that we do not
observe the H-like Is-2p resonance line, RATIQN and
sPEcTRA computer code calculations [56], taking into ac-
count self absorption of the He-like Is -Is2p resonance
line, give an estimate of the electron temperature to be in
the 150—250 eV range. From the spectral broadening of
the dielectronic satellites, the density of the plasma has
been evaluated [57] to be about 102 cm . Weak emission
from the heliumlike Is -Is2p resonance line of silicon and
blended emission from the heliumlike Is -Is3p resonance
line of aluminum can be seen in the right part of Fig. 1.
Characteristic Is -Is2p emission from the thermal plas-
ma can be observed up to 2500 A inside the target, in
agreement with other results [55] as shown in Fig. 2. The
apparent saturation of the line intensity at depths larger
than 2500 A is due to the limited penetration depth of
thermal energy inside the target and to the increasing
efFect of autoabsorption with film thickness. Returning
to Fig. 1, at energies close to 1500 eV, we observe both
the Ka line from "cold" aluminum (Ala+ to Al + transi-
tions are blended) and shifted Ka lines from Al + to
A19+. These lines are the signature [26,58] of a low tem-
perature plasma ( & 50 eV) produced by the heating effect
of the energetic electrons penetrating the target. The
measured "cold" Ka yield is far too high to be induced
by the kilovolt radiation from the plasma.

Figure 3 shows the variation of the "cold" Ea line
(filled diamonds) intensity together with the Al + (open
diamonds) and Si + (open circles) line intensities as a
function of aluminum thickness. The saturation depth of
the Ka lines is now 10000 A compared to 2500 A for the
heliumlike Is -Is2p resonance line. Monoenergetic elec-
tron beam excitation of these lines would correspond to a
maximum electron energy of 16 keV [59,60]. Of course,
we may expect a wide distribution of electron energies in
the plasma. Saturation in Fig. 3 comes from the fact that
the hot electrons do not create enough ionization in the
deepest parts of the target to compensate for autoabsorp-
tion (in the case of Ka Al) or reabsorbtion (in the case of

qt 1.0

Ka Al (0-like)
- Ka Si (0-like)
-+-- cold Ka Al
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FIG. 3. "Cold" Ka line of Al and oxygenlike Ea of Al and

Si as a function of Al thickness. Filled diamonds (right scale):
Al "cold" Ea. Open diamonds {left scale): Al 0-like Ka.
Open circles (left scale): Si 0-like Ea. Lines are drawn as an

aid to the eye.

Ku Si). From Fig. 3 one can see also that the hot elec-

tron heating depths deduced from the variation with Al

thickness of the "cold" Ea emission and of the Al + and

Si + emissions are almost the same. This is because ener-

getic electrons deposited most of their initial energy close
to their mean penetration depth. We note that the target
region heated indirectly by hot electron energy deposition
is, according to our measurements, sufBciently inside the

target to be unperturbed by thermal conduction heating
from the thermal plasma [7].

IV. MONTE CARLO ANALYSIS
OF THE ELECTRON DISTRIBUTION FUNCTION

The electron energy distribution has been unfolded

from experiment with the help of Monte Carlo simula-

tions of the electron energy penetration and deposition
inside the target [61—66]. The energy release of the elec-

tron beam can be converted to material temperature

through the known equation of state. Assuming local
thermodynamic equilibrium (LTE) to be valid in the bulk

of the target, we can obtain the spatial profile of both the
"cold" Ka and Al + and Si + intensities for different

shapes of the electron energy distribution function.
We have analyzed our experimental data with a Monte

Carlo ca1culation in multilayered and multimaterial solid

targets. The code follows the 3D trajectories of a single

electron interacting with the target through elastic
(screened Rutherford cross sections) and inelastic (Bethe

stopping power cross sections) scattering. By weighting

the results obtained at several electron energies, we can

predict the penetration characteristics of a more complex
electron distribution function. This is quite useful be-

cause hot electrons are generated in the expanding p1as-

ma where low electron densities do not insure an isotro-

pic, Maxwellian electron energy distribution [67].
Fluorescence ef6ciencies incorporating Auger decay
branching ratios have been used to calculate the Ku line

emission at different target depths. The optical depth
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from the emitting point to the target surface is taken into
account. The influence of opacity effects on the Ka radi-
ation escaping the plasma is particularly significant for
Al-SiOz targets because the emission from Si is strongly
absorbed by the Al K edge. The energy deposition is
evaluated as a function of position inside the target. The
temperature rise is calculated using the quotidian equa-
tion of state (QEOS) which is well suited to high density
plasmas [68]. A simple LTE calculation, with ionization
lowering adjusted to reproduce the finite Z =2.7 ioniza-
tion of solid aluminum at low temperatures, has been
used to calculate the relative intensities of the Ka lines
from ions between Al + and Al' + (the corresponding
lines can be seen in Fig. 1).

The overall eIciency of our Ka x-ray diagnostic sys-
tem, including the Monte Carlo code predictions and the
VonHamos spectrograph and film detector was absolutely
calibrated using a monoenergetic electron beam as a Ka
source. A 20 keV electron beam with an average power
between 100 and 1000 W has been focused in a 1 mm fo-
cal spot onto pure aluminum, Al-Si02 and Al-CaF2 tar-
gets. Our spectrograph was placed in a position similar
to the one used in: the laser experiment. X-ray diode ab-
solute measurements of the resulting Ka x-ray emission
have been compared to the VonHamos spectrograph and
film response and to the predicted Monte Carlo Ka emis-
sion. The absolute intensity measurements were found to
be within a factor of two of the values determined from
the known crystal reflectivity and spectrograph
geometry. The measured variation of the Ka intensity as
a function of the electron beam fluence was also found in
very good agreement with the Monte Carlo model predic-
tions.

The hot electron distribution function depends on the
laser intensity and on the nature of the outside layer
material —here aluminum. To check the consistency of
our results, we have made measurements with both CaF2
and Si02 substrates. The electron distribution function
was determined form the shape of the ratio of Si to Al
and Ca to Al "cold" Ka lines as a function of the alumi-
num film thickness. Results for the CaF2 substrate are
shown in Fig. 4. This substrate is found particularly use-
ful for high energy electrons () 10 keV) and large Al
thicknesses (above 10000 A) because Ca Ka radiation is
only weakly reabsorbed through the Al layer. Experi-
mental data is well fitted by monoenergetic electron con-
tributions at 3, 8, 16, 28, and 50 keV with corresponding
weight factors in energy of 21%, 47%, 23%, 6.9%, and
2.1%. To better show the significance of this fit, the
curves labeled (a, b, c) in Fig. 4 give the successive contri-
butions to the fit of [3,8, 16,0,0] keV electrons (a), of
[3,8, 16,28, 0] keV electrons (b}, and of [3,8, 16,28, 50j
keV electrons (c}. The same distribution applied to the
case of the SiO2 substrate is shown in Fig. 5. One can see
the excellent consistency of the two data sets shown in
Figs. 4 and 5.

The corresponding energy distribution is shown in Fig.
6 with filled circles. To double check the validity of our
data analysis, we have changed the [3,8, 16,28, 50j keV
electron energy groups to another set of energy groups,
namely [3,6, 10,20,40j keV. Results shown with trian-
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FIG. 4. Ratio of the intensities of "cold" Ka lines of Ca and
Al as a function of Al thickness. The solid curve is the calculat-
ed ratio for the electron distribution function giving the best fit.
Curves a, b, c show the different contributions of electron ener-

gies above 28 keV (see text). Dotted curves are monoenergetic
electron contributions at different energies. Filled points are the
experimental results.

gles in Fig. 6 agree very well with those obtained with the
initial set of electron energies. The data points can be
fitted with an exponential function having a slope corre-
sponding to an electron "temperature" of 8.5 keV. How-
ever, we cannot tell the exact distribution at electron en-
ergies larger than 50 keV which may be responsible for
the slight discrepancy of the Ka line ratio for Al (see Fig.
5} at large depths. Within experimental uncertainty, our
hot electron "temperature" result is slightly lower than
the one predicted by available absorption resonance
theories by Estabrook and Kruer [69] and Burnett and
his co-workers [27] for intensities in the 1-3X10'6
W/cm range, respectively, (9.8—15 keV) and (8.4-12
keV). It is in better agreement with Gibbon and Bell' s
particle in cell simulations [70].
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FICx. 5. Ratio of the inLensities of the Ka lines of Si and Al
as a function of Al thickness. The solid curve is the ratio calcu-
lated with the same distribution function as the one used in Fig.
4.
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FIG. 6. Electron energy distribution function as a function of
electron energy. Dots: obtained with energy groups (3, 8, 16,
28, 50) keV. Triangles: obtained with energy groups (3, 6, 10,
20, 40) keV. The solid line is the best exponential fit with an in-
verse slope of 8.5 keV.

FIG. 7. Ratio of the intensities of 0-like to "cold" al Ea
lines as a function of Al thickness. Dots: experimental results
obtained at 3X10' W/cm . The lines are the Monte Carlo re-

sults for di8'erent electron fluences. The best fit is obtained for
210 J/cm' (dashed line).

V. HOT ELECTRON FLUENCE AND Ka YIELD

A direct comparison of the absolutely measured "cold"
Al Ka line intensity with our Monte Carlo predictions
gives an estimate of 1265 % for the conversion efficiency
of incident laser energy into hot electron energy. We
note that the laser absorption has been determined to be
25+10%%uo by specular reflection and scattering measure-
ments [43]. However, a quantitative description of hot
electron deposition requires the absolute measurement of
the electron fluence which we define as the ratio of the to-
tal electron energy incident on target to the deposition
area. We have used two diferent methods to measure
this quantity.

First, the hot electron fluence can be deduced from an
evaluation of the preheat temperature of the target. This
can be done by measuring the ratio of the oxygenlike
Al + Ka line to the "cold" Al +-Al + Ka line as a func-
tion of Al thickness at constant laser intensity. Using the
Monte Carlo simulations coupled to the LTE ionization
predictions we have determined the spatial dependence of
the charge state distribution inside the target. In these
calculations, we have used the hot electron distribution of
Fig. 6 and we have assumed that this distribution did not
change with the aluminum thickness. Using the incident
electron fluence as a parameter, we have calculated the
ratio of the Al + to the "cold" Ka lines and we have ad-
justed the calculated results to the experiment. However,
the Monte Carlo code takes into account the energy de-
posited by hot electrons solely. Accordingly, experiments
should give less oxygenlike Ka at depths smaller than
2500 A (see Pigs. 2 and 3) where the temperature rise is
governed by thermal conduction rather than by hot elec-
tron deposition. This is shown in Fig. 7 which gives the
oxygenlike to "cold" Ka line ratio as a function of Al
thickness. Monte Carlo predictions with the hot electron
fluence as a parameter are also shown for comparison.
Above 10000 A, the Ea ratio is independent of alurni-
nurn thickness, as expected; we can deduce an electron

fluence of 210+50 J/cm . The corresponding calculated
hot electron preheat temperature is 20-30 eV.

A second method of determining the electron fluence
requires a measurement of the Ka emission spot size.
This was done by using a knife edge technique [71]. Spa-
tial resolution better than 2 pm and a very good signal-
to-noise ratio, as compared to the one obtained in stan-
dard pinhole imaging, were found very useful in our case.
To accommodate the small number of x-ray photons at
each shot, we replaced the film detector by a cooled
(
—40' C) x-ray sensitive charge-coupled device (CCD)

detector placed at 20' from target normal. This allows
=50 eV spectral resolution of the incident photons by us-

ing single photon counting techniques [72]. This spectral
resolution was suScient to isolate the Ka line from the
emission of the thermal plasma. After deconvolution of
the knife edge results by a simple derivation [71],we ob-
tain the image of the spectrally resolved Ka line of Fig. 8.
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F&G. 8. Intensity profile of the Al Ea spot size measured by
the knife-edge technique. Laser intensity is 1.S X 10' W/cm .
The diameter is 11 pm compared to S pm for the visible laser.
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FICx. 9. Number of Ka photons emitted per steradian as a
function of the target substrate material. The upper scale gives
the corresponding photon energy. Solid line: Monte Carlo cal-
culations without reabsorption effects. Dashed line: with reab-
sorption effects.

This corresponds to an emitting surface of 95+20 pm,
slightly larger than the visible focal spot. Previous re-
sults obtained in the long pulse (600 ps) regime [73,74)
show much larger lateral electron transport distances.
The corresponding electron fluence deduced from the 1.5
mJ laser energy and the 12.5% conversion eKciency is
197 J/cm, in very good agreement with the value ob-
tained from the target preheat measurement. Combined
with the known Ea production eSciency for 8 keV elec-
trons in aluminum, we obtained an x-ray fluence of -0.5
J/cm .

Scaling laws that predict the variation of the thermal
plasma x-ray yield as the laser and target parameters are
varied have been proposed [16]. For Ka emission, the
physical situation is quite different because the mecha-
nism governing the x-ray yield is hot electron production
[36]. We have measured and calculated the conversion
eKciency of electron energy into Ka photons for several
target materials. Results are summarized in Fig. 9 which
gives a comparison of the Ka yield obtained from the ex-
perimental CCD results and from the Monte Carlo calcu-
lations. The Ka yield is expressed as the number of pho-
tons emitted per steradian for our laser intensity of 1.5
mJ. Reabsorption effects (see the dashed line in Fig. 9)
reduce the Ea yield for low Z materials. In the Monte
Carlo calculations, we have assumed that the incident
electron energy distribution function (see Fig. 6}was the
same for all the elements.

The measured conversion efficiency into one line, in a
bandwidth A, /5A, = 1000 (O. l%%uo BW) is 0.02%. This value
is comparable to the measured conversion efBciency of
thermal plasma lines (e.g., He-like resonance lines} in the
1.5 keV range [75,76] but is smaller than the one reached
with foam or structured targets [42]. Regarding the x-
ray pulse duration, we note that thermal emission has

been shown to be lengthened when a prepulse was used;
our x-ray generation process is completely different since
it relies on suprathermal electron production which
occurs only during the driving laser pulse. Converted to
spectral brightness units [photons/(s mrad mm 0.1%
BW)] the femtosecond Ka x-ray source yield is still
higher than, e.g., the projected European Synchrotron
Radiation Facility undulator yield [77] which is limited
to pulse durations of several tenths of picoseconds.

VI. DISCUSSION AND CONCLUSIONS

We have characterized the hot electron pulse emitted
by an ultrashort (100 fs) and bright (3X10' W/cm )

laser pulse on multilayered solid targets. The resulting
Ka yield is 2.5X10 photons/sr pulse for aluminum at
1.5 keV. Using Monte Carlo calculations to analyze the
results, we have found that the electron distribution func-
tion can be fitted by a 8.5 keV Maxwellian function. This
is in good agreement with the hot electron "temperature"
obtained from the theory of resonance absorption in
short density scalelength plasmas and with particle in cell
simulations of "vacuum heating. " By measuring the rela-
tive intensity of the temperature-dependent shifted Ea
lines of Al, we have determined the hot electron preheat
to be 20-30 eV and we have measured 12% conversion
efficiency from laser energy into suprathermal electron
energy. The measured size of the Ea emission spot is
comparable to the laser spot size.

We note the important effect of the ASE laser pedestal
on the Ka source output. At this time, theoretical un-
derstanding of the effect of the ASE prepulse is not com-
plete. High intensity contrast experiments [22,36] have
shown that resonance absorption plays a major role in p
polarized, 60' incidence angle, 2 X 10' W/cm pi-
cosecond laser interaction. Our results are not very
different regarding the hot electron conversion eSciency
and hot electron "temperature" despite the factor of 10
in laser pulse duration. Particle-in-cell (PIC} simulations
are in progress to understand the interplay of vacuum
heating and resonance absorption processes in the hot
electron production mechanisms [78]. Two-dimensional
PIC simulations will be necessary to study the effects of
surface rippling on laser absorption.

This paper demonstrates that the control of the target
roughness by surface melting with a mild, close to dam-
age threshold, laser prepulse is a very powerful alterna-
tive to the use of corrugated targets (gratinglike) or the
use of a low density foam for short pulse x-ray produc-
tion, stability, and quasimonochromatic hard x-ray flash
production. Assuming that the duration of the hot elec-
tron pulse is no longer than the visible laser pulse, the hot
electron current density is about 2.5 X 10 MA/cm . The
ECa time duration should not be very different from the
electron pulse duration. In fact, the thermalization time
of 8 keV electrons is about 15 fs, according to Monte
Carlo estimates. The hot electron "temperature" being
determined by the nature of the outer layer material and
laser intensity, specially designed bilayered targets of a



2206 4.. ROUSSE et aL

low-Z "electron convertor" and a much higher-Z "x-ray
generator" can be used. Vfe have demonstrated that the
scaling to much higher energies than the Al Ea (1.5 keV)
was possible. For the Ca Ea at 3.7 keV and Fe Ea at 6.4
keV we have measured a photon yield close to 10
photons/sr pulse.
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