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Analysis is presented of K-shell spectra obtained from solid density plasmas produced by a high 
contrast (1O”:l) subpicosecond laser pulse (0.5 pm) at 10’8-10’9 W/cm’. Stark broadening 
measurements of He-like and Li-like lines are used to infer the mean electron density at which 
emission takes place. The measurements indicate that there is an optimum condition to produce 
x-ray emission at solid density for a given isoelectronic sequence, and that the window of optimum 
conditions to obtain simultaneously the shortest and the brightest x-ray pulse at a given wavelength 
is relatively narrow. Lower intensity produces a short x-ray pulse but low brightness. The x-ray yield 
(and also the energy fraction in hot electrons) increases with the laser intensity, but above some laser 
intensity (IO’s W/cm* for Al) the plasma is overdriven: during the expansion, the plasma is still hot 
enough to emit, so that emission occurs at lower density and lasts much longer. Energy transport 
measurements indicate that approximately 6% of the laser energy is coupled to the target at lOI* 
W/cm* (1% in thermal electrons with T,=O.6 keV and 5% in suprathermal electrons with The25 
keV). At Zh*= 10’s W pm2/cm2 (no prepulse) around 10” photons are emitted per laser shot, in 2n 
srd in cold K, radiation (2-9 A, depending on the target material) and up to 2X lo*’ photons are 
obtained in 271. srd with the unresolved transition array (UTA) emission from the Ta target. 0 1995 
American Institute of Physics. 

I. INTRODUCTION 

During the last 15 years, laser-produced plasmas have 
been extensively studied for, among other aspects, their po- 
tential application to inertial confinement fusion (ICF).’ 
Nanosecond laser pulses were used to realize laser-driven 
ablative implosion in which high compression can occur. In 
this scheme a pellet is accelerated inwardly by the reaction 
force associated with the outward expanding ablated mate- 
rial. Very inhomogeneous plasmas with characteristic dimen- 
sions, the electron density gradient scale length, for instance, 
very large compared to the laser wavelength are thus pro- 
duced. Although laser irradiation with Zh2 values up to lOI 
W ,um2/cm2 has been realized with long-wavelength CO2 
lasers,* most of the recent experiments of interest for ICF 
have been realized with short-wavelength lasers (Xtl pm) 
at relatively moderate intensity (IX*< lOI W ,um*/cm*) to, 
among other problems, maximize the collisional absorption 
and reduce suprathermal electron preheat.3 

A recent breakthrough in the laser amplification 
technique4 has allowed the generation of small-scale laser 
system with a peak power well into the terawatt regime and 
IA* values greater than 1OJ8 W ,um”/cm2, and plans for peta- 
watt class picosecond lasers are actively pursued.” This in- 
crease in peak power and irradiance, which has been made 
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possible by the use of the technique of chirped pulse ampli- 
fication (CPA),6 gives access to new regimes of interaction of 
laser with solid matter.7-g The application of these intense 
subpicosecond pulses originates from a few fundamental fea- 
tures. The first is the short pulse duration, which noticeably 
limits plasma hydrodynamics during the heating phase.” If 
there is negligible energy in the prepulse (high contrast), then 
the electron density gradient scale length is much shorter 
than the wavelength and the coupling takes place at near 
solid density. Many works on subpicosecond laser solid mat- 
ter interaction have concentrated up to now on generating 
short pulses of x rays, ‘l-l5 and the related transient and non- 
local atomic physics has been explored.‘6-‘8 The second fea- 
ture is the extremely high-energy density and the resulting 
extremely high radiation pressure of the pulse. Laser inten- 
sities have long been sufficient to modify the plasma signifi- 
cantly at the critical density (n,=1.12X102’ hT2 cmm3, X is 
the laser wavelength in ,um) by what is termed the pondero- 
motive force.” With intense short pulses the radiation pres- 
sure can be quite large,20 even for electron density well 
above nc , producing craters and going on to hole boring.2’Z22 
These effects are relevant to the concept of fast ignition re- 
cently introduced by the Lawrence Livermore National 
Laboratory.23 In addition, new phenomena, such as the gen- 
eration of far-infrared radiation,24 ion collimation,25 and 
strongly coupled Raman instability,26 have been observed, 
and short pulses incident on preformed plasmas have been 
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used to study Brillouin scattering instabilityZ7 and nonlocal 
transport.zs 

In this paper we discuss some key issues related to the 
challenging problem of producing one dimension, hot, uni- 
fomr solid density plasmas. Results are very promising for 
the achievement of isochoric heating (the term used to indi- 
cate heating at constant density) of matter at near solid den- 
sity? up to extreme temperatures. Production of matter in 
such a state will offer a unique way to address experimen- 
tally in the laboratory some problems of great astrophysical 
interests, namely the opacity of: hot dense matte?9 and the 
physics of hot strongly correlated plasmas.30 Furthermore, 
this is also of importance for atomic physics, and will give us 
the possibility to study, among other aspects, (i) the ioniza- 
tion dynamics in hot dense plasmas with many electron 
atoms,31 (ii) the physics of quasimolecular states,3” and (iii) 
the statistical physics of hot strongly correlated plasmas. 
These plasmas will be also very interesting as ultrafast and 
ultrabright sources of short-wavelength radiation, which may 
have ap lications in many different fields as x-ray laser 
physics, 8 molecular sciences,34 and medical research.35 

II. CRITICAL ELEMENTS FOR SOLID DENSITY 
PLASMAS 

been improved to an estimated 10” in our experiments by 
using the second harmonic generation (i.e., conversion to a 
green light) in nonlinear crystals, which will not double the 
weak prepulse. By using a potassium dihydrogen phosphate 
(KDP) type I crystal, we have been able to obtain a maxi- 
mum conversion efficiency of 85%.37 The 300 fs green pulse 
was focused with a 45” incidence angle off-axis f/3 parabola. 
An optical system, composed of five dichroic mirrors and 
one 1 pm filter, has been used to completely reject the un- 
converted 1 pm radiation that could produce a preplasma. 
The intensity profile of the focal spot was measured with a 
magnifying imaging system (40X) and a digital EG&G two- 
dimensional charge-coupled-device (CCD) camera. The di- 
ameter of the spot size was found to be around 8 pm at 
(l/e)* intensity (that contains 65% of input energy); provided 
the laser energy on target is less than 900 mJ. Above this 
value, the focal spot starts to be degraded by an excessive l3 
integral effect. Thus, in the present experiments we have 
used a maximum energy of 900 mJ in a 300 fs green pulse, 
giving three terawatts on the target with no prepulse, and a 
maximum intensity of 4X10i8 W/cm’ corresponding to 
IX2= 10” W ,um’/cm’. To our knowledge, these experiments 
are the first in this intensity regime, with such a high con- 
trast, short-wavelength subpicosecond laser. 

In the present work we try to combine ultrashort gradient 
scale length plasmas, or solid density, and very high laser 
intensity. The aim of these experiments is to explore the 
possibility of using the radiation pressure of a very high 
contrast subpicosecond pulse to balance the dense plasma’s 
thermal pressure during the laser heating. Optimization is 
required: the intensity must be sufficient for the radiation 
pressure to prevent plasma expansion, but not as high as to 
lead to hole boring.” The ultimate plasma we need to do 
clean experiments is ideally hot (electron temperature in the 
keV range) still (ions at rest) and at solid density 
(n,=6X 1O23 cm-’ for Li-like solid Al, for instance). Produc- 
ing such a plasma therefore requires (i) a strict control of 
several crucial laser pulse parameters, (ii) detailed target de- 
sign, and (iii) an excellent experimental characterization of 
the plasma. 

Ill. K-SHELL Al SPECTROSCOPY 

Plasma spectroscopy, which contributed to advances in 
inertial confinement fusion research, provides much of the 
informationof these new high-density ultrashort plasmas. Jo- 
hann and Von Hamos crystal spectrometers were used at 45” 
from the laser axis to record the time-integrated keV spectra, 
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For the particular problem of forming a hot solid density 
nearly uniform plasma, the key laser pulse issues are (i) a 
high contrast ratio to avoid any expansion of the matter be- 
fore the main pulse arrival and (ii) an optimal pulse duration 
and high intensity (10’7-10’9 W/cm”). 

While high intensities for short pulse duration are fea- 
tures obtained with the technology of chirped pulse amplifi- 
cation, an undesirable by-product of this technology is the 
production, at the wavelength of 1 pm, of a long prepulse at 
very low relative intensity (typically low6 of the main 
pulse).36 This contrast of lo6 is not adequate at the intensity 
of interest here, where a contrast of something like 10” is 
required to avoid excessive energy deposition at lower den- 
sity in the preplasma created by the long prepulse. 
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The experiments were carried out with the table top tera- 
watt (Ts) laser system at the University of Michigan.37 The 
laser delivered up to 2 J in a 400 fs pulse at the wavelength 
of 1.053 pm. The intensity peak to background contrast ratio 
was measured to be 5 X 10” at 1.053 pm. The contrast has 
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FIG. 1. Al spectra in 7.7-8.4 %, obtained with a high contrast subpicosecond 
laser pulse incident on 130 pm Al target. (a) 20 mJ, IO” W/cm’; (b) 150 mJ, 
7.7X10i7 W/cm’; and (c) 710 mJ, 3.5X lOI W/cm’. 
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FIG. 2. He-like and H-like lines in the 6.5 A range of Al plasma produced 
by 2.5X 10’s W/cm* laser pulse incident on a 130 pm AI target. The line 
ratio of LyJHe@ is used to deduce the average electron temperature, which 
is around 600 eV in our experimental conditions. 

in the l-10 A range, with SB5 and DEF Kodak films. The 
thickness of Be filters in front of the film was adjusted as a 
function of the wavelength to avoid the saturation of the 
brightest line in a given wavelength detection window. Our 
crystal spectrometers provide high resolution spectra (x/AX 
of 2000-4000) for detailed studies of line shapes. 

Figure 1 presents Al spectra (7.7-8.4 A) obtained at lOI7 
W/cm2 [Fig. l(a), 20 mJ on target], 7.7X lOI W/cm’ [Fig. 
1 (b), 150 m.T], and 3.5 X 1018 W/cm’ [Fig. l(c), 630 mJ]. The 
observed spectra have been corrected for the film,38 filter,3g 
and crystal response.40 At lower intensity [Fig. l(a)], the 
ls2-1.~2~ emission (He3 from the thermal plasma is rela- 
tively low, and the emission is dominated by K, lines. We 
observe both the K, line from cold aluminum (Al’+-A14’ 
transitions are blended) and shifted K, lines corresponding to 
various ionization states from Al’+ to Al’+. This spectrum 
indicates that a low-temperature plasma was produced at low 
laser intensity. As the laser intensity is increased, the tem- 
perature, and thus the thermal emission, rapidly increases 
[Figs. l(b) and l(c)]. Above 10” W/cm2, noticeable Ly, 
H-like emission is observed. A typical spectrum in the 6.5 8, 
range, including the transitions from He- and H-like ions 
states is shown in Fig. 2 (it-radiance at 2.5X lot8 W/cm2). The 
Hep and He, line profiles are used to infer the mean electron 
density at which the emissions take place. The LyJHep line 
ratio is around 0.35 at this intensity, and can provide a means 
of determining the electron temperature. The He- and Li-like 
line shapes and LyJHep intensity ratio are discussed in the 
next section. 

IV. AVERAGE ELECTRON DENSITY 

The average electron density at which the emission takes 
place is inferred from various line profiles calculated by us- 
ing the standard hypotheses of Stark line broadening by 
plasma,4* i.e., quasistatic approximations for the ions and 
impact approximation for the electrons. One aspect of our 
line shape calculations is the use of analytic fits of the 
plasma microfield distribution function, deduced from a large 

number of Monte Carlo simulations,42 performed with a 
Yukawa potential and a linearized Thomas-Fermi electron 
screening. In the range of plasma conditions where K-shell 
lines are emitted, this formulation of the ion-ion potential 
agrees very well with a more sophisticated self-consistent 
formulation?3 The analytic fit that we use depends on the 
ionic correlation parameter (depending on ri) and on the 
screening parameter (depending on T,), and thus are a two- 
temperature formulation of the microfield distribution func- 
tion, As noted elsewhere,& this detail is important, since the 
microfield can be very sensitive to the temperature ratio 
T,ITi. Then the profile depends mainly on two unknown 
parameters, the electron density ~1,) and the ion temperature 
Ti , if the density range is such (typically n,< 1O23 cme3) that 
the thermal relaxation rate is lower than the radiative rate of 
the upper state of the transition of interest. A previous study 
of the He, ( ls2- 1~4~) line profile in similar experimental 
conditions (201 irradiation, no prepulse, 5 X 10” W/cm2)45 in- 
dicated an ion temperature much lower than the electron 
temperature and a relatively high density at which He,, emis- 
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FIG. 3. Profiles of He-like lines of a 130 pm AI target. The laser intensity is 
3X10’s W/cm’. The open dots are experimental data. The best fit (solid 
lines) to the data are using standard Stark broadening calculation (see the 
text) with the following parameters: T,=600 eV, T,=30-60 eV, and 
n,=5-7X 102’ cm-‘. (a) He@ line and (b) He, line. 
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FIG. 4. The profiles of Li-like lines of 130 pm Al target obtained with different laser intensities. The experimental data (open dots) are fitted (solid lines) with 
LTE L&like line profile calculation and the inferred average electron densities are denoted in the figures. (a) 3X10L7 W/cm*; (b) 7X lOI W/cm*; (c) 10” 
W/cm’; and (d) 2X lOI w/cm’. 

sion was taking place (n,=6X1022 cmm3). Here, we simul- 
taneously fit two lines (HeP and He, lines) in order to fix the 
two free parameters, ~1, and T,, from the line profiles. Al- 
though the error bar on Ti evaluation remains large, this 
process gives an interesting information on the Ti behavior. 
A rough estimate of the time-integrated electron temperature 
T, is obtained from a nonstationary calculation of the 
LyJI-IeP line intensity ratio, assuming an optically thin 
plasma. The temperature is supposed to grow linearly up to a 
given value at which we extract the population, and the in- 
tensity line ratio calculated by the multicell time-dependent 
collisional radiative code TRANSPEC.46 Calculations were 
performed for a fixed ion density ni=5X102’ cmm3, and for 
a temperature increasing from 0 to T, in 300 fs. For laser 
intensity around 3 X lo’* Wlcm2, we infer T, =600 eV from 
LyJHeP line ratio with such a calculation. Any changes in 
the conditions of the calculations (ni, nonlinear temperature 
ramp, opacity) should affect the T, evaluation. However, the 
large uncertainty in T, does not strongly affect the line pro- 
file, which is mainly sensitive to ~1, and Ti . Figure 3 presents 
the Hep [Fig. 3(a)] and He,, [Fig. 3(b)] experimental line 
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profiles (open dots) at 3X 101* W/cm2, and the best fits (solid 
lines) calculated for T, =600 eV. The inferred electron ‘den- 
sity and ion temperature are n,=5-7X1022 cmm3 and 
Ti=30-60 eV. While He, measurements and calculations in 
Fig. 3(b) agree quite well, it is more difficult to fit the Hep 
line profile [Fig. 3(a)]. In particular, no evidence of a central 
dip is observed in our data, in contrast to the calculated line 
shapes, also shown in Fig. 3(a). It was recently shown that 
ion dynamics could reduce the central dip47 (in the case of a 
high-2 emitter embedded in a hot low-Z perturbing me- 
dium). However, we believe that, here, the temporal integra- 
tion effects (variation of the emitting density and density 
gradients and eventual shifts in line position due to perturb- 
ing electrons) contribute to the filling in of the central dip 
and to the observed HeP profile. 

The density at’ which the Li-like emission (dielectronic 
satellites) takes place, has been inferred from the 
ls2121’-ls”2Z line spectra.t6 Our calculations’6”7 show that 
this line spectrum could be strongly affected by non-steady- 
state population kinetics and also by the non-Maxwellian 
characters of the electron distribution function when pro- 
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FIG. 5. Variation of the average electron density inferred from line profiles 
as a function of laser intensity. The full dots (He-like emission) and open 
dots (Li-like emission) have been obtained with Al targets. The square dot is 
obtained from Cl Li-like line shape (shown in Fig. 6). 

duced at intermediate density (n,<5X 1O22 cmv3 for Al). Our 
past experiments at lower laser intensity with a preformed 
plasma1’*4x and recent experiments with an 80 fs laser pulse’* 
confirm the importance of these effects. However, our previ- 
ous results at 10’6 W/cm* (400 fs green pulse irradiation with 
no prepulse)‘6*‘” indicate that the time-integrated 
ls2121’-Is*21 spectrum is radiating at an electron density of 
1O23 cm-’ for which the broadening is important and doubly 
excited level populations have reached the local thermody- 
namical equilibrium (LTE). Figure 4 shows ls2/21’-Is221 
line spectra measured for different laser intensities, with Al 
targets 3X 10” W/cm2 [Fig. 4(a)], 7X lOI W/cm* [Fig. 4(b)], 
lOI* W/cm2 [Fig. 4(c)] and 1.7X 10’s W/cm* [Fig. 4(d)]. The 
best calculation fits, assuming LTE populations among dou- 
bly excited levels, are also shown in Fig. 4. A very good 
agreement can be obtained between the measurement and 
calculation at lower intensity16 (I,< lOI W/cm*). However, 
at higher intensity it is more difficult to fit correctly the 
short-wavelength side of the spectrum and the intensity of 
the 4,’ peak is higher in the experiments. A similar effect 
was recently observed in experiments performed with shorter 
pulses’* and the q,r satellite intensity problem was attributed 
to some temporal integration effects. A more quantitative un- 
derstanding of these spectra would require a fully time- 
dependent calculation of the plasma hydrodynamics, popula- 
tion kinetics, and line shape calculations. 

Figure 5 presents the variation of the density inferred 
from He-like and Li-like Al line profiles as a function of the 
laser intensity. The results at lOi W/cm2, obtained with a 
lens and in normal incidence, are from our previous 
experiments.‘6.45 The other points have been obtained with 
the conditions described in Sec. II. The density for He-like 
emission is constant with the laser intensity, and the inferred 
ion temperature is always smaller than the electron tempera- 
ture (7’,=200 eV, T,=5-30 eV at lOI W/cm*, T,=300 eV, 
Tj=20-100 eV at 5X1017 W/cm*, and r,=600 eV, 
T,=30-60 eV at 2-3X lo’* W/cm*). The density for Li-like 
emission has a different behavior; the Li-like density is con- 

stant at lo*” cmh3 for the lowest laser intensities I, ~ but 
increases when 1,>3X lOI W/cm2 up to some maximum 
value of 4X lo*” crne3 which is close to the solid density of 
a Li-like Al plasma (&=p,, Z*= 10, and n,=6X 1O23 cmm3). 
For I, above 10’s W/cm2, the Li-like density dramatically 
decreases. 

These results suggest that the radiative pressure plays a 
very important role at these laser intensities. Indeed, at low 
laser intensity the gradient scale length is very short, and 
energy deposition is realized at near solid density. In the 
absence of any ponderomotive pressure, when the intensity 
increases, the gradient scale length increases while the den- 
sity n, at which energy deposition takes place decreases49 
(n, scales roughly as Z4”). Thus, the densities of the emitting 
He-like and Li-like radiations are expected to decrease when 
It increases. However, at higher intensities the radiation 
pressure could eventually balance the thermal pressure, 
maintaining a very steep electron density gradient during the 
energy deposition, and producing a deep penetration of the 
thermal wave in the solid, thus causing the emission to be 
produced at near solid density. 

The behavior of Al Li-like density at intensity larger than 
lOI* W/cm2 is interesting. Recent calculations indicate that 
short pulse emission, and thus solid density plasma, can be 
obtained if the plasma heating is in some optimum range set 
by target materials.50 Two alternative scenarios can explain 
the lower emission density of the Li-like Al K-shell emission 
at intensities above 10’s W/cm2: (a) the prepulse effect could 
be larger than estimated, so that the pulse would interact with 
preformed, lower-density plasma: (b) the plasma is over- 
heated, that is, after the laser pulse, as it expands and cools, 
it is still sufficiently hot to emit Li-like K-shell x-ray lines, 
Both scenarios are also compatible with the observation of 
strong Ly, emission when I,> 10’s W/cm2, scaling as 12, 
indicating a high electron temperature. To decide between 
the two scenarios, we observed Li-like Cl lines (C114+) from 
a sodium chloride (NaCl) target irradiated at 3X lOus W/cm2, 
The choice of NaCl was dictated by (i) the possibility to 
measure the density of emission from higher atomic number 
material that are matched more appropriately to high tem- 
perature; (ii) the fact that in Li-like Cl and Li-like Al solid 
density plasmas (using solid NaCl and Al targets) the elec- 
tron densities are the same (6X 102” cme3). Figure 6 presents 
the ls2121’-1~~21 Cl line spectrum measured at 3X1018 
W/cm*. The best fit between experimental and calculation 
results indicates that this emission is produced at around 
6X 1O23 cme3 which is the Li-like solid density (Fig. 5). Fur- 
thermore, no thermal He-like and Li-like emissions (keV 
range) was observed at 3X 10’s W/cm’ with a Ti target (Z 
=22). These results (i) demonstrate that there is no prepulse 
in our experiments, even at the highest intensities; (ii) high- 
light a very important aspect for the generation of emitting 
solid density plasma: it is essential to match the emitting 
target to T, for a given isoelectronic sequence. It is also 
interesting to note that the Cl Li-like emission should be very 
short, because it is produced at a very large density. 
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FIG. 6. The profile of Li-like Cl lines (open dots). The NrFZl target is 
irradiated by a 3X IO” W/cm” laser pulse. The best profile fitting &lid line) 
indicates the emitting density is around 6X 10” cm 3, which is solid density 
for Li-like Cl of NaCI. 

V. THERMAL TRANSPORT 

Additional understanding of the high-intensity regime 
for Al targets, can be obtained from~thermal transport mea- 
surements. Thermal conduction may drive the density at 
which Li-like emission is produced. During the laser pulse, 
when radiation pressure is effective, thermal conduction can 
also play a very important role in plasma cooling, and wiIl 
eventually limit the temperature. However, at these high in- 
tensities the pIasma expansion is another important cooling 
mechanism that cannot be neglected, particularly when the 
plasma is overdriven. 

We use multilayer targets composed of polished Si sub- 
strate coated with 0.01-S ,um Al layers, and we follow the 
intensity of Si and Al lines as a function of the Al thickness. 
Figure 7 presents a spectrum (6.2-7.2 A) recorded with a Si 
target coated with 1000 A Al irradiated at 3.4X10” W/cm2. 
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FIG. 7. Spectrum in the 6.2-7.2 8, range recorded with a Si target coated 
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FIG. 8. The variation of Al line intensity as a function of the Al layer 
thickness in multilayer target experiment at laser intensities of 2X10” 
W/cm2. The penetration depth of thermal energy (temperature around 600 
eV) is about 2000 A. (a) He, line, (b) intercombination line, and (c) Li-like 
lines. 

We observe Al lines (Hep and He, and Ly,) and Si HeU, 
Li-like, and K, lines. As the thickness of the Al layer is 
increased, the Al line intensity increases up to a saturation 
level, which is the intensity obtained with a thick (130 ,um) 
target. The depth at which the saturation occurs is usually 
considered as a measure of the penetration of the thermal 
front. At 2X lOI W/cm2, the very quick saturation of AIHe, 
line seems to indicate a limited penetration (Cl00 A) of the 
higher temperature thermal front [Fig. 3(a)]. However, the 
intercombination line [Fig. S(b)] and the Li-like satellites 
emission [Fig. 8(c)] have a much larger penetration depth 
than resonance line. These lines (intercombination and satel- 
lites) give a thermal penetration depth of around 2000 A. 
Thus, the heating of the Al target by conduction occurs 
within the 2000 A layer, where the plasma density remains 
near solid and the temperature is around 600 eV. At such 
high temperature the He-like ions population should domi- 
nate, but due to the rapid dielectronic recombination and 
ionization delay, the Li-like population is large within the hot 
plasma. Furthermore, the different behaviors of the reso- 
nance and intercombination lines seems to indicate that the 
effects of autoabsorption are very strong and limit the ob- 
served emission depth of He, line. The same situation is 
observed for Ly, line. 

This penetration of thermal energy is in qualitative 
agreement with simple scaling laws, representing the pen- 
etration of a heat wave by classical electron thermal conduc- 
tion in a constant solid density plasma [no hydrodynamic 
expansion and assuming a given energy flux at one end).51 
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FIG. 9. The average density of Li-like AI lines as a function of Al layer 
thickness at a laser intensity of 1O’8 W/cm’, deduced from line profiles 
similar to that shown in Fig. 5. 

During the laser pulse the surface temperature To and the 
heat front penetration depth X0 are given by the following 
expressions? 

7-,=3.2X 10-714i9?‘9, a 

X0= 1.8x 10-81;‘9~7’9, 

where To is in hundreds of eV, X0 in cm, I, is the absorbed 
intensity (in erg/cm2 s), and 7 is the laser duration (in s). 
Assuming 1% absorption (I,= lOI W/cm’) and r-300 fs, 
we obtain To=880 eV, in relative agreement with the T, 
value inferred from the time-dependent Ly&ep ratio, and 
X0= 1900 A, consistent with the thermal penetration deduced 
from the intercombination line and Li-like lines [Figs. 8(b) 
and 8(c)]. Recent kinetic simulations of this regime indicate 
an absorption of around l%, an electron temperature T, 
around I keV, and a thermal penetration of 2500 A.53 

However, the hot surface layer will decompress, during 
the cooling after the laser pulse, due to some hydrodynamics, 
leading to a relatively lower time-integrated densiiy at which 
He-like emission takes place. The same part of Li-like emis- 
sion is also produced in this decompressing plasma but is 
due to the very large Li-like production thickness at solid 
density (larger penetration of the lower-temperature front) 
the density at which total Li-like emission takes place re- 
mains close to solid density (Fig. 5). This is illustrated by 
Fig. 9, which presents the average Li-like density (deduced 
from the shape of the Li-like spectrum as previously de- 
scribed) as a function of the Al thickness at lOI W/cm2. 

Thus, at very high intensity, the very hot surface layer of 
the Al target will cool on a time scale larger than the pulse 
duration, leading to x-ray emission during the plasma de- 
compression. A quantitative understanding of these processes 
would require hydrodynamics or kinetics calculations 
coupled to atomic physics modeling. Such simulations are 
presently in progress.53 
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FIG. 10. The cord K, spectrum of vanadium obtained at laser intensity of 
3~ 10” W/cm’ (obtained hith Von Hamos crystal spectrometer operated at 
second diffraction order). 

VI. SUPRATHERMAL TRANSPORT 

Comparison between thermal transport measurements 
and simple analytic estimates for the heat propagation, as 
previously discussed, require the use of a very low absorp- 
tion value (consistent with the results of a more elaborate 
calculation performed at various laser intensities).53 How- 
ever, recent experiments with sub-ps lasers at intensities 
around lOI7 W/cm2 suggest absorption is between IO%-30% 
of the laser energy and also that an important fraction of the 
laser energy is carried by hot electrons.5J.ss Here we used K, 
yield measurements in order to obtain information on the hot 
electron energy content and deposition profile. The K, emis- 
sion is recorded with the Von Hamos crystal spectrometer 
and with PIN diodes (with magnets in front to avoid hot 
electron fluorescence). Scandium (50 pm) and titanium (25 
,um) foils are used as Ross filters with the diodes to obtain 
the K, emission of a Vanadium target.56 The difference be- 
tween the signals obtained with the SC and Ti filters is pre- 
dominantly due to V K, emission, the continuum emission in 
the Ross filter window being a small fraction of the total 
signal (as verified with various 2 targets). The K, yield mea- 
sured with the diodes can be used to calibrate the crystal 
spectrometer. the V K, spectrum measured at 3X lo’* W/cm* 
with the crystal spectrometer (second diffraction order) ap- 
pears in Fig. IO. We observed the K,t and K, doublet (tran- 
sitions from the K shell to respectively the L, and L, levels), 
with the expected relative intensities” (the K,,/K,, intensity 
ratio should be 0.5). In these conditions the K, yield mea- 
sured with the Ross diodes is 2X IO-” mJ/srd, for 600 mJ 
laser energy, corresponding to a conversion efficiency of 
3.3X IO-“% srd. The energy in fast electrons is calculated 
from the energy in K, emission by using a conversion effi- 
ciency R(T,,) deduced from the K, yield per electron56 
(which was measured for monoenergetic electrons incident 
on thick target’s). For these calculations we assume that hot 
electrons (spatially integrated) angular distribution is semi- 
isotropic and that the energy distribution has the following 
form: 
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of 25 keV. The absorption of Si K, emission due to the Al layer is taken into 
account. 

f(E)=AE”2 exp(-E/kTh), 

where kT,; is the hot electron temperature. The hot electron 
temperature is deduced from the variations of the Al and Si 
K, intensities as a function of Al thickness (Fig. 11). From 
these, and using previously published calculation for hot 
electron penetration in Al, s9 we found that at 2X 1Ot8 W/cm2 
kT,* is about 25 keV. For vanadium, R(T,) is relatively in: 
dependent of T,, when 10 keV<kT,<SO keV and is about 
9X lo-“. Thus, the energy deposited by the incident hot elec- 
trons is about 5% of the laser energy at intensity of 3 X lOI8 
W/cm’. At lower intensity (1016 W/cm*) the energy in hot 
electrons that produce K, emission is very small and is about 
0.06% of the laser energy.‘5 

Then at very high intensity (and in S polarization), less 
than 10% of the laser-energy is coupled to the target. A small 
percentage is due to classical collisional absorption and in- 
duces a heating of a thin layer of material (2000 A). About 
5% is due to long range hot electrons, with a 25 keV hot 
electron temperature, which penetrate deeply in the target (3 
lum). 

VII. ULTRAFAST X-RAY SOURCES 

The combination of a high laser intensity and a high 
plasma density should allow the generation of a high, bright- 
ness ultrafast source of short-wavelength radiation.” The 
photon yield [line emission) increases with the laser inten- 
sity, as shown in Fig. 12. The photon yields for He, [Fig. 
12(a)], Li-like [a-d inner shell satellites, Fig. 12(b)] and K, 
emissions [Fig. 12(c)] from Al scale respectively as 1h5, Ik5, 
and Iho for laser intensity, 1017 W/cm’<l,<4X lOI8 W/cm*. 
When 1,>1018 W/cm’, the Ly, line emission increases 
sharply as 12. The scaling obtained for the He, line emission 
is different from the scaling measured at lower laser intensi- 
ties (I;’ in the 1014 W/cm’ rangel and It2 in the 1016 
W/cm” range6’), but is similar to the dependence recently 
reported in some experiments at similar laser intensities.61 
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FIG. 12. The photon yields of Al lines as a function of laser intensity. (a) 
He, line, (b) Li-like lines (a-d inner shell satellites), and (c) K, line. 

This indicates that the slope of the line yield power law 
decreases with increasing laser intensity for I,> 1016 W/cm2. 

By choosing suitable target materials, one could get very 
bright x-ray radiation for certain short wavelengths. Around 
2.5X10” photons are measured at 4.5 A in a 0.4% band- 
width with 3d-5f unresolved transition array (UTA) emis- 
sions from the Ta target (Fig. 13) and with 3d-4f transitions 
(the Ta target) up to 2~ 1O’l photons are obtained at around 6 
A in a 3% bandwidth. At 3 X 1 Or* W/cm*, K, emission allows 

E u) Ta UTA 

6 
10” 0.4% 0 

I 

K%emission 

iIf’ * ’ E ’ m ’ ’ ’ ’ ’ s ’ ’ ’ ’ 
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wavelength ( A ) 

FTG. 13. Short-wavelength x-ray yields at laser intensity of 3X lOI W/cm”. 
The K, photon yield (6 VIA bandwidth) appears as a function of atomic 
number. The total emission photons for Ta 3d-Sf UTA emissions (3% 
bandwidth), Ta 3d-4f UTA emissions (0.4% bandwidth) and for Al He-like 
(0.06% bandwidth) are also plotted. 
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the obtention of around 10” photons in 27~ srd (Fig. 13) 
down to very short wavelength (3-9 w range). 

The x-ray yield increases as the laser intensity increases. 
However, it is worthy to note that there are some optimum 
conditions for the obtention of high-density plasma, since the 
shortest x-ray pulse is produced for the highe$t emitting 
plasma density. This highlights a very important and novel 
point, which is that there are some optimal windows for the 
production of simultaneously the shortest and brightest x-ray 
pulse for a given wavelength. For instance, taking into ac- 
count the results described in Sec. IV, the simultaneously 
brightest and shortest Li-like lines of the Al target should be 
produced at laser intensity of 7-9X lOI W/cm*. 

VIII. CONCLUSlON 

The generation of solid density emitting plasma can be 
achieved with subpicosecond high contrast laser pulses at an 
intensity of IO’*- lOI W/cm2 by using the radiation pressure 
to balance the dense slab thermal pressure during the laser 
heating and maintain a very deep thermal front penetration 
into the solid. Our experiments show that there is an opti- 
mum condition to produce emission at solid density. At very 
high laser intensity (larger than 1 018 W/cm2 for Al), the elec- 
tron temperature may be very high resulting in an overdriven 
Al plasma. Thus, for a given pulse duration and intensity it is 
essential to match the target to the electron temperature to 
generate emitting plasma at solid density. The energy bal- 
ance, deduced from thermal and suprathermal penetration 
depths, and from K, yield measurements, indicates that 
about 6% of laser energy is coupled to the target at 2X IO’* 
W/cm2 (1% E, in therma electrons at a temperature of 600 
eV and 5% EL in hot electrons with a hot temperature 
T,, =25 keV). Interesting conversion efficiencies are obtained 
in various line emissions in these conditions. These results 
also highlight a very important and novel point, which is that 
there is some optimal window for the production of simulta- 
neously the shortest and brightest x-ray pulse for a given 
wavelength (about lo’* W/cm2 for Li-like Al emission). The 
x-ray yield (and also the energy fraction in hot electrons) 
increases with the driven laser intensity, but above some la- 
ser intensity the plasma is overdriven and the thermal radia- 
tion is produced at a lower-density region, and there is sig- 
nificant increase of the x-ray pulse duration. At laser 
intensity around a few times IO’* W/cm2, by using 
moderate-Z targets (Ti, for example) and high-Z targets (Ta, 
for example) we obtained up to 10” photons/Zrr srd per shot 
in cold K, emission (Ti, narrow bandwidth) and 2X IO” 
photonsf2r srd per shot in unresolved transition array (Ta, 
larger bandwidth), which is very encouraging for the appli- 
cation of ultrafast bright x-ray sources. 
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