Eur. Phys. J. D 29, 69-76 (2004)
DOT: 10.1140/epjd /e2004-00004-8

THE EUROPEAN
PHYSICAL JOURNAL D

Hydrodynamic simulation of XUV laser-produced plasmas

M. Fajardo'?, P. Zeitoun?, and J.-C. Gauthier®

! Centro de Fisica de Plasmas, Instituto Superior Técnico, 1049-001 Lisbon, Portugal
2 Laboratoire d’Interaction du Rayonnement X avec la Matiere, Université Paris-Sud, 91405 Orsay, France
3 Centre Lasers Intenses et Applications, UMR 5107 du CNRS, Université Bordeaux I, CEA, Université Bordeaux I,

33405 Talence, France

Received 7 October 2003 / Received in final form 6 December 2003
Published online 20 January 2004 — (©) EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2004

Abstract. With the construction of novel XUV sources, such as VUV FEL’s, XUV laser-matter interaction
will become available at ultra-high intensities. But even tabletop facilities such as XUV lasers or High
Harmonic Generation, are starting to reach intensities high enough to produce dense plasmas. XUV laser-
matter interaction is studied by a 1D hydrodynamic Lagrangian code with radiative transfer for a range
of interesting XUV sources. Heating is found to be very different for Z = 12—14 elements having L-
edges around the XUV laser wavelength. Possible absorption mechanisms were investigated in order to
explain this behaviour, and interaction with cold dense matter proved to be dominant. Plasma sensitivity
to XUV laser parameters such as energy, pulse duration, and wavelength was also studied, covering ranges
of existing XUV lasers. We found that XUV laser-produced plasmas could be studied using tabletop lasers,
paving the way for future VUV-FEL high intensity experiments.

PACS. 52.38.Dx Laser light absorption in plasmas (collisional, parametric, etc.) —
52.65.Kj Magnetohydrodynamic and fluid equation — 42.55.Vc X- and gamma-ray lasers

1 Introduction

The plasma physics community is preparing for a new
challenge with the construction of ultra-bright, ultra-fast,
tunable XUV sources, allowing experimental plasma stud-
ies in unprecedented temperature-density regimes. VUV
free-electron lasers (VUV-FEL) such as TTF II in Ger-
many are being built, which will generate highly coher-
ent XUV sources with average brilliances up to 10 or-
ders of magnitude higher than those of third generation
synchrotrons [1-3], the most intense sources available yet.
These will of course provide extraordinary tools for prob-
ing high density and warm or high temperature plasmas,
such as those produced in short-pulse laser-plasma inter-
action [4]. But one of the most intriguing possibilities pro-
vided by these new sources, will be direct plasma creation,
extending laser-plasma interaction to the sources emitting
in the XUV range.

The sources of interest to our case are monochromatic,
emitting in the tens to few hundred eV range. This en-
ergy domain is referred to as XUV or soft XUV light,
and the sources, behaving as lasers, are for the rest of the
article called XUV or soft XUV lasers. Close to this inter-
action regime, only two sets of experiments have been re-
ported up to date, one on Extreme UV FEL-cluster inter-
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action, [5], and the other concerning XUV laser-solid inter-
action [6,7], at very low intensity (under 5x 10** Wem=2).

Soft XUV laser-plasma interaction studies are indeed
an emerging field. The lack of high intensity coherent soft
XUV sources, with only one monochromatic XUV source
showing sufficient energy output on target to produce a
plasma [8], stimulated little theoretical work up to now.
But intensity outputs are quickly increasing by orders of
magnitude, not only with sources such as forthcoming
VUV and XUV-FEL radiation [1-3] but also with up-
grades in widespread tabletop XUV sources, with higher
energy output and improved focusing XUV optics [8,9].
Highly coherent and brilliant XUV sources generating in-
tensities on target above 10> Wem™2 will soon become
available, and the need for modelling of XUV-matter in-
teraction at high flux becomes more urgent.

Although XUV-matter interaction has been a very
fruitful field of research, radiation transport has been
studied in specific contexts (including Inertial Confine-
ment Fusion or astrophysics) where the XUV radiation
producing the plasma is broadband, and blackbody ap-
proximations usually hold. With soft XUV laser-plasma
interaction, although the radiation is energetic enough
that it may interact with bound electrons, energy trans-
port is non-trivial, since the laser is monochromatic.
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The scope of this article is to give a first approach
to the hydrodynamic behaviour of XUV laser-produced
plasmas. For the rest of this article, only sources emitting
in the range from 10 to 100 eV (with wavelengths ranging
from 12 to 120 nm) will be considered.

As for any laser-produced plasma, the hydrodynamic
evolution results, first, from the fundamental mechanisms
regulating the incident laser absorption inside the target.
Following visible or infrared laser-produced plasmas, the
hydrodynamic behaviour is expected to depend on laser
parameters such as pulse duration, energy or intensity on
target. Finally, the composition of the target should play
a role on the plasma dynamics, basically having a continu-
ous dependence on atomic number Z. More sophisticated
studies would take into account the target structure (flat,
rough, grooved) or geometry.

In this work, we have studied the evolution of the
plasma according to the above parameters, except target
structure or geometry, by considering interaction of mat-
ter with intense monochromatic XUV bursts. Questions of
coherence, polarization and non-linear phenomena such as
collective resonant processes will be left for a future work.

We make use of the radiative hydrodynamic code
XRAD [10] in order to model the plasma creation
and evolution when produced by an intense burst of
monochromatic XUV photons. Pulse duration and inten-
sity dependence, at a given wavelength, are investigated,
and predictions are made on electron temperature and
electron density conditions achieved. We then study the
dependence of the characteristic plasma parameters such
as electron density and temperature on the XUV laser
wavelength and duration.

2 Laser absorption mechanisms at short
wavelength

Ideally, the laser absorption by a target should be treated
in two phases. The first is the absorption of the laser by the
cold, unperturbed target and then by the target having a
plasma layer in front of the remaining solid target. Most
of the hydrodynamic codes, developed for infrared, visi-
ble or UV lasers interaction, consider the plasma creation
as instantaneous, at least comparing to the driving laser
duration. In this approximation, the laser interacts only
with the expanding plasma, since the beam is reflected at
the critical density, N., typically about a hundred times
lower than solid density.

Extension of the traditional models of optical laser
absorption to the XUV domain seems difficult. In-
deed, for these wavelengths the critical density is more
than one order of magnitude higher than solid density,
N, ~ 10?3 cm™2, meaning that most of the energy depo-
sition is done into the cold core of the target. For exam-
ple, for a visible (A = 0.53 um) laser, the critical density
is N, = 4 x 10" em™2 while for a 13 nm XUV laser the
critical density rises up to N, = 6.5 x 1024 ecm 3. At a first
glance, it appears that a good description of the interac-
tion of XUV laser with cold target is crucial for being able

to model the hydrodynamic of this new kind of plasma
with a good degree of confidence. A more complete study
of the XUV laser absorption mechanisms by the plasma is
also necessary.

For under-dense plasmas, we may identify the follow-
ing mechanisms as the most probable for XUV laser ab-
sorption. For the case of visible or infrared lasers, in the
absence of resonant non-linear absorption, the main mech-
anism for light absorption is inverse Bremsstrahlung (IB).
The IB absorption Ajp [11] is given by:

A[B = 1—]/[0: 1—exp(—KIBL), (1)

where [ is the intensity at the plasma entrance and I is
the intensity after propagation over a path L and Kp is
the absorption linear coefficient given by:

Kip =31x107"ZNZ(In A)T 32w 2(1 — w2 jw?) /2
(2)
where Z is atomic charge, N, is electron density, In A is
the Coulomb logarithm, w and wy, are the laser and plasma
frequencies, respectively.

Although equation (2) considers a simplistic case of
homogeneous plasma of density N, it gives a first insight
for A-scaling. As one can tell from equation (1), the IB
linear absorption coefficient depends on the ratio wy/w,
that is to say, to the ratio N./N.. Since for XUV lasers
the critical density is about ten times higher than solid
density, we may assume that the ratio w,/w is negligible.
This is highly different from visible lasers for which most
of the incident energy is absorbed near or at the critical
density, leading to a ratio of wp/w close to unity. For vis-
ible lasers the term (1 — w?2/w?)~!/2 may be quite large,
while for XUV laser it is always close to unity, showing
that Kjp coefficient is strongly reduced when considering
XUV lasers. This is also reinforced by the dependence of
Kp with wavelength as given by the term w™2 (equiva-
lent to A2, \ being the laser wavelength). Finally it ap-
pears that although it is often the dominant process for
visible laser absorption, the A-scaling shows that the frac-
tion of energy absorbed by this process is rather low when
considering an XUV laser.

Another well-known mechanism for laser absorption
is the so-called resonant absorption [12]. Here the laser
absorption is due to the energy transfer by resonantly
exciting a plasma wave. Therefore, the resonant absorp-
tion is really efficient at or near the critical density. As
discussed above, the critical density for XUV laser is
above solid density. In the absence of strong compression
by a shock wave, the XUV laser is never resonant with
the plasma wave, making the resonant absorption negli-
gible. The laser light may excite and transfer energy to
other waves such has ion acoustic wave or electron waves
driven by an ion density fluctuation, mechanisms known as
plasma instabilities. Brillouin scattering, as a source of ion
acoustic waves, may be considered as negligible at XUV
wavelengths. Stimulated Raman scattering (SRS) appears
for densities lower than N./4, which make it a potential
mechanism for laser absorption. However, the instabil-
ity threshold scaling as I\?, I being the laser intensity,
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Fig. 1. (a) Transmission as a function
of photon energy for 0.1 pm thickness
foils of Mg, Al and Si. (b) Correspond-
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the very short wavelength of the XUV laser implies inten-
sities much higher than the ones considered in this work
(1011 —-10'3 Wem—2) for producing SRS.

At short wavelength, the laser may interact directly
with core levels of the cold target atoms or even of the
plasma ions. Absorption of the laser appears here by
photo-ionization. Note that such direct single-photon ab-
sorption of the laser is generally impossible for visible
laser, where multi-photoionization is dominant during the
beginning of the interaction and inverse Bremsstrahlung
soon takes over. The XUV laser-plasma interaction is then
ruled by the absorption coefficient, which is mainly de-
pendent on the atomic physics of the material. A different
behaviour for low Z elements can thus be expected. Elec-
tron binding energy for the 2p electrons is 49.5 eV for Mg,
72.5 eV for Al and 99.5 eV for Si in their natural form,
meaning that a 90 eV photon can eject an electron from
the 2p layer in solid cold Mg and Al, but not Si. This
translates into a very different absorption probability of
the photons by the cold target. In Figure 1a the transmis-
sion of a thin layer (0.1 pm) of Si, Al and Mg is shown,
confirming that a Si target is transparent at 90 eV radia-
tion, but not an Al or Mg target. Note that for an XUV
laser around 70 eV, the same transparent/opaque transi-
tion occurs between elements Al and Mg respectively. The
transmission of Figure la were calculated from natural
opacities, known as Henke absorption coefficients, shown
in Figure 1b, that can be found in reference [13].

As previously discussed, the XUV laser will always in-
teract with the bulk of the target, meaning that photo-
absorption rules the whole interaction. Photo-absorption
is still a major mechanism for XUV laser absorption even
considering the hot plasma. The main difference will be in
the variation of the photo-absorption cross-section versus
photon energy since there is a wide range of ionic species
present in a plasma as compared to a solid. In our code, the
photo-absorption of cold matter is taken from Henke data,
while for hot plasma it is calculated using an average-ion,
non-LTE atomic physic code, POTREC [14]. Special care
has to be taken for low temperature (warm) dense plasma

10° 10°
Energy (eV)

ing mass absorption coefficients from
Henke tables.

for which classical atomic codes fail for calculating accu-
rate data. Our straightforward solution was to interpolate
the photon absorption for low temperature plasma by us-
ing the cold solid target and the hot plasma (above 10 eV)
data.

From Henke absorption coefficients shown in Figure 1,
it is clear that at 90 eV (13 nm XUV laser), Al and Mg
are strongly absorbing, while Si is relatively transparent.
Deep penetration of the XUV laser into the solid target
is possible in the case of cold silicon and results in bulk
heating. Since the energy is deposited over a large vol-
ume, we may expect smooth electron density gradients
and relatively low electron temperature. In contrast, the
absorption lengths in Mg and Al are about 400 A, that is,
of the order of magnitude of the skin depth of visible laser
deposition (~100 A). Then XUV laser-produced plasma
should resemble visible laser-produced plasma regarding
temperature evolution, although the density is kept at a
much higher level in XUV laser-produced plasmas (a fac-
tor of 10 at laser maximum). It appears that atomic num-
ber Z dependence in the interaction hydrodynamics at a
given XUV laser wavelength is paralleled by wavelength
dependence for a given material.

Cold solid photo-absorption can only account for some
degree of the plasma heating, since as soon as the plasma
is created and heated up, the XUV laser absorption should
vary. Comparing Figure 1b and Figure 2a, an increase of
the photo-absorption coefficient is found to occur in the
energy range of the XUV laser drive. For much higher tem-
peratures such as the one used in Figure 2b, excitations of
high principal quantum number, n, become abundant, and
ionization by photo-absorption becomes very likely. In-
deed, when the plasma becomes sufficiently warm for very
stripped ions to become abundant, characteristic absorp-
tion lines that correspond to resonant transitions appear.
Line coincidence, which is not relevant for the cases stud-
ied here, would become important for hard XUV lasers
or even XUV laser coupled to lighter elements, and laser
deposition into the heated plasma would be strongly de-
pendent on the element.
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Fig. 2. Mass absorption coefficients for Mg, Al and Si calcu-
lated by POTREC. (a) Average ion absorption at 10 eV and
1/10th of solid density. (b) Absorption at 100 eV and 1/100th
of solid density.

3 Numerical simulation of plasma creation
with an XUV laser

In this section, we will numerically investigate the gen-
eral features of plasma creation by means of intense and
monochromatic source in the XUV range. For the present
work, XUV laser interaction with matter is described us-
ing XRAD [10], a 1D hydrodynamic code, that includes
radiation transport and non-LTE atomic physics using a
time-dependent average-ion model [14]. The code was ini-
tially designed for the study of radiatively heated foils,
using broadband XUV sources as heating pulse for opac-
ity measurement experiments [15]. Radiation transport is
taken into account using the multi-group method [16]:
the photon energy spectrum, ranging from visible to hard
XUVs, is integrated into discrete energy groups, for which
Planck and Rosseland mean opacities are calculated based
on the absorption coefficients calculated by POTREC.
The transport equation is then solved between each La-
grangian plasma cell [17], and energy re-distribution inside
the plasma is thus taken into account. Classical electron
thermal conductivity is included.

Some modifications were necessary in order to sim-
ulate the interaction with a monochromatic XUV laser
beam. The temporal profile of the beam was taken from
XUV lasers simulations that indicated close to Gaussian
time evolution. The energy spectrum of the incident radi-
ation was divided into energy groups with higher resolu-
tion around and at the XUV laser energy. For our case, we
used 10 eV groups around the XUV laser energy and the
L absorption edge energies of the materials we have stud-
ied (80-150 eV), and increased the groups geometrically
outside the XUV laser region. This 10 eV spectral resolu-
tion was low enough that the energy transfer calculations
were kept at a reasonable computing time, while keeping
the characteristics of the absorption for different materi-

als, as confirmed in Figure 1, where the spectral regions
of interest have been highlighted.

Figure 3 shows a map of the electron temperatures
and densities, respectively for different targets, in the case
of an XUV laser (90 eV, 13 nm), with Gaussian pulse
duration of 10 ps at FWHM, and intensity on target of
10'® W/cm?. This is a relevant soft XUV laser wavelength
and duration, currently being optimized experimentally
because of the XUV nanolithography applications [18]. We
chose three targets of 10 pm thickness with consecutive
atomic number, Mg, Al and Si (respectively Z = 12, 13
and 14). The XUV laser comes form the right, reaching
its maximum intensity at ¢ = 0. The surface is set at
the origin, the original target ranges from —10 pm to 0.
Electron temperature and density are shown evolving as
a function of time and position in Cartesian coordinates.
At this intensity and time duration, an energy density of
roughly 100 J/cm? is deposited on target.

The most striking feature in Figure 3 is the difference
in the hydrodynamic behaviour and plasma characteristics
between Si and the other two elements. For Mg and Al,
we find the well-known pattern of laser deposition into
the target surface layer, the plasma being heated along
the laser pulse. While the XUV laser pulse is on (-5,
+5 ps), the heated layer is smaller than 0.2 pm in thick-
ness for both targets. The peak temperatures are in the
same range: about 65 eV for Mg and 45 eV for Al. The
slight change in peak temperature from Mg to Al comes
from the weak differences in absorption coefficient at 90 eV
that were shown in Figure 2a. The plasmas expand at ve-
locities of the order of 107 ¢cm/s, cooling down at a rate of
2 eV/ps, and generating a shock wave of density superior
to solid (reaching 2.1 times Ny in the case of aluminium
and 1.93 times N; in the case of magnesium) that pen-
etrates into the target. After the XUV laser pulse is in-
teracting with the target (time longer than 45 ps), the
bulk of the target is ionized by thermal conduction and
radiative transfer. About 50 ps after the peak of the laser
the plasmas extend from about 4 um inside the target,
up to 8 um outside. For the Si plasma, however, there
are no steep gradients, since the laser penetrates deeply
into the core of the target from the very beginning of the
interaction. The initially heated part is from 7 to 10 pm
to be compared to a small fraction of pm in case of Mg
or Al. The heating is less effective, electron temperature
stays below 15 eV, and the density is also very homoge-
neous, keeping smooth gradients. Therefore the cooling is
also less abrupt with a rate of 0.15 eV /ps. Finally, it is
interesting to note that the weak differences in absorption
coefficients (see Fig. 2) between Al and Mg at 90 eV are
reflected in a comparable behaviour of the two plasmas.

The Z-dependence of the target for a given XUV laser
wavelength is comparable to the wavelength dependence
for a given material. Figure 4 shows the result of a simu-
lation of an XUV laser of 60-70 eV interaction with solid
aluminium target, in the same conditions as Figure 3b.
The behaviour of the Al plasma is now very similar to
the Si plasma in Figure 3c, with the characteristic bulk
heating and low temperatures of transparent materials.
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Fig. 4. Comparison of different laser-solid interactions. Target is 10 pm thick, laser maximum at ¢ = 0 at an intensity of
10'®* Wem™2 and 10 ps pulse duration. (a) XUV laser energy is 6545 eV and target is Al; (b) and (c), interaction with visible

laser (I =0.53 um) is shown for Al and Si, respectively.

Since absorption is of the same order of magnitude
for all elements as soon as the plasma is heated, it might
be surprising to find that cold solid photo-absorption has
durable influence in the plasma hydrodynamic behaviour.
However, coupled to the fact that IB absorption is kept
negligible at lower densities, direct photo-ionization be-
comes less probable as the plasma heats, and is down by
a factor of 2 at 10 eV and by more than a factor of 20 at
100 eV, so that a large fraction of the XUV laser energy is
still being dumped at solid density, inside the cold target,
while the plasma is heated.

Further heating can be explained by electron thermal
conductivity and inverse Bremsstrahlung, both mecha-
nisms included in the code. The gradients being smoother

than for classical laser deposition, thermal conductivity
does not play as important a role. Energy coupling into
the free electrons by inverse Bremsstrahlung is also less ef-
ficient as mentioned above, but this effect is compensated
by higher electron density at comparable temperatures.
The plasma gradients being very smooth, laser deposi-
tion is made for a long plasma distance, and heating of
the plasma comparable to visible lasers is achieved. These
two effects, however, are only important in the case of
high densities coupled to high temperatures guaranteed
by an effective photo-absorption, and remain negligible
for transparent materials.

These features are in contrast with the plasma param-
eters found in visible laser-matter interaction. Shown in
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Fig. 6. Electron temperature as a function of time and space for Si target. Again, 90 eV XUV laser intensity on target is
10" W/cm? for 1 ns pulse duration in (a), and 10'®* W/cm? for (b) and (c), for pulse durations 1 ns, and 1 ps respectively.

Figures 4b and 4c¢ are the XRAD calculation of electron
temperature for aluminium and silica respectively, using
a 0.53 pum laser at 10 Wem™2 and 10 ps pulse dura-
tion, as in the previous case. As expected, the hydrody-
namic heating and expansion is similar for both materi-
als. The main absorption mechanism is in this case inverse
Bremsstrahlung, and no abrupt Z-dependence on the tar-
get material can be found. The temperatures and densities
found with visible laser interaction are indeed comparable
to the interaction of an XUV laser with an opaque mate-
rial, with slightly higher temperatures and lower densities
due to a more efficient coupling at N, ~ 102N,

4 Hydrodynamic behaviour of XUV
laser-produced plasmas

Hydrodynamic parameters’ dependence of the XUV laser—
produced plasma on irradiation conditions was also stud-
ied. Simulations were run at different irradiation condi-

tions, shown in Figures 5 and 6, for Mg and Si. XUV
laser energy was kept at 90 eV. We first studied the en-
ergy dependence by varying the intensity on target from
10 W/cm? up to 10** W/ecm? and keeping pulse dura-
tion at 1 ns. This is the characteristic emission times for
the most energetic tabletop XUV lasers [19]. Influence of
pulse duration on plasma characteristics was also stud-
ied by varying the pulse length from 1 ps, to 10 ps and
1 ns while keeping the intensity constant at 103 W/cm?2.
Again for all the modelling, the target thickness is 10 um
and the outer surface is set at 0. The XUV laser is coming
from the right.

In Figures 5a and 5b are shown the time and space
evolution of the electron temperature for Mg targets irra-
diated at intensities of 10" Wem ™2 and 10'® Wem ™2, re-
spectively. The overall plasma characteristics are very dif-
ferent. At 10 Wem ™2, the peak electron temperature is
as high as 5 keV while the temperature remains quite low
(55 eV) at 1011 Wem=2. Note that the ratio of the tem-
peratures (~100) between the two runs is quite close from



M. Fajardo et al.: Hydrodynamic simulation of XUV laser-produced plasmas 75

the ratio on laser energies (100), indicating that there is no
strong difference on laser absorption. On the first glance,
this is surprising as the plasma should be quite transpar-
ent due to the fact that the critical density is about ten
times the solid density. This confirms that the coupling
between XUV laser and target is very efficient, because,
as we discussed previously, energy dumping is made at the
core of the target and on a very thin layer.

The differences in peak temperatures lead to a strong
change on plasma expansion (3000 um at the highest in-
tensity compared to 250 pum at 10'! Wem=2), since the
sound speed varies as Te'/2. The cooling rates are quite
different in the two cases. Indeed, at higher intensity, the
plasma cools down very quickly, from 5 keV at ¢t = 0.4 ns
down to less than 1 keV at ¢ = 1.5 ns. Also the peak
temperatures remain only as long as the XUV laser is ir-
radiating the target. However, on the low intensity case,
the outer plasma layer remain at same temperature of
about 50 eV even 0.5 ns after the XUV laser has been
switched off.

The dependence of the plasma characteristics with
pulse duration might be first studied by comparing the
cases 1 ns, 101 Wem =2 [Fig. 5a] and 10 ps, 103 Wem ™2
[Fig. 5d], as the energy density on target is kept con-
stant. As previously pointed out, peak temperature is
to a first approximation proportional to the energy den-
sity deposited on target: the temperatures reached at
10" W/em?, Atxgr, = 10 ps (65 eV) and 10" W/cm?,
Atxpr, = 1 ns (55 eV) are of the same order of magnitude.
Consequently, we should expect to get the same sound
speed and then plasma sizes different by about two orders
magnitude as coming from the ratio on pulse duration.
Indeed, plasma expands over 250 um for 1 ns irradiation
while it is as low as 2 um for 10 ps pulse.

For the very short pulse (1 ps, Fig. 5c) laser-produced
plasmas, the peak temperature reached is very low
(16 eV), with an energy density of only 10 J/cm? on tar-
get, and there is almost no expansion into vacuum, energy
dissipation being made by thermal conduction into solid
target. This is very different from long pulse case where
very high temperatures are reached, and the plasma ex-
pands for several hundred to several thousand of microns.

In Figures 6a to 6¢, the same results of calculation
as shown in Figures 5a to 5d are displayed, but with a
silicon target instead of magnesium. Direct comparison of
Figures 5 and 6 clearly shows that the influence of the cold
target absorption is quite important and may even domi-
nate the interaction in the case of very short pulses (1 ps).
Indeed, plasma characteristics are much more different
than what we would expect with a classical Z-scaling.
For example, although the peak temperature scales again
nearly as the laser energy, we may observe that the peak
temperature reaches 800 eV for run 1 ns, 10'® Wcem™2
(Fig. 5b), when we would expect 1 keV by scaling from
the run of 1 ns, 10! Wem =2 (Fig. 5a). Again due to the
change on cold target absorption, for all the cases and con-
sidering the same irradiation condition, the peak temper-
ature is about 4 to 7 times lower for silicon plasma than
for magnesium. This is even most evident in the silicon
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Fig. 7. Peak electron temperatures for Al (triangle), Mg (dot)
and Si (square), as a function of energy density on target, for
90 eV laser at 10" Wem? (black), 10 * Wem? (grey) and
visible laser at 10'®* Wem? (open symbol).

plasma, where we can see in Figure 5a the expansion of
the back of the target, which initially is 10 um thick. Deep
penetration of the XUV laser in silicon target is also visi-
ble in Figure 6d where the bulk is heated over more than
2 pm while on Mg, the heated layer is as small as 0.2 pm. It
is worth noting that irradiating a target that is transpar-
ent at the XRL wavelength created plasma conditions that
are quite close to the so-called “warm dense matter” (near
solid density and few eV temperature). This is observable
on runs displayed in Figure 3c (10 ps, 10* Wem™2) and
Figure 6¢ (1 ps, 103 Wem™2).

The dependence on the heating conditions is summa-
rized more explicitly in Figure 7. Peak electron tempera-
ture for each simulation is shown as a function of energy
density on target, for different targets and laser parame-
ters. Almost an order of magnitude difference is kept be-
tween the Mg and Si targets at 90 eV XUV laser. This
difference is consistently repeated for different laser inten-
sities and pulse durations, but is non-existent for visible
laser produced plasma.

5 Discussion

Since the plasma is radiatively heated, the exactness of the
opacity calculations used in the radiative transfer equa-
tions becomes a key issue. Low-temperature, high density
opacities, that are most relevant for XUV laser absorption,
are very poorly known. The non-LTE average ion model
we used, as all other atomic physics models, does not
converge properly for low temperature and high density.
To give physically consistent results, we have thus inter-
polated the opacities between two valid regimes, namely
between Henke tables for natural absorption and 10 eV,
N,/10 plasma. This does not change the validity of the
gross features, because of the arguments given in Section 2
for laser deposition into the solid target, but might give
some error bars on the temperature.
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Other improvements involve the use of time-dependent
atomic physics, which are especially needed for short-pulse
interaction, when laser duration becomes of the order of
the electron-ion collision, excitation and collision times.
Extension to the ultra-short pulse domain, that will be-
come possible with VUV-FEL radiation, should keep the
characteristic differences in plasma temperatures seen in
Figure 7. Short-pulse interaction could reinforce this be-
haviour, since the energy deposition would be faster than
thermalization times. This can only be accounted for with
a time-dependent collisional-radiative model, valid for low
temperatures and high densities, well beyond the scope
of this work. Again, these improvements would only ac-
count for a more accurate description of the ionization, but
should not change the coarse differences between close-Z
elements of highly transparent or absorbent nature.

Finally, the model is one-dimensional, so temperature
is overestimated for long times, away from the target sur-
face. This is very well-known from the visible laser-matter
simulations, and can accounted for by a rough 1/3 energy
loss due to lateral expansion. As always, a bi-dimensional
code would be more accurate.

6 Conclusion

We have seen striking differences in the plasma heating
for a given XUV laser, according to target material, that
are equivalent to different heating of the same material for
a tunable XUV laser. These are justified by the absorp-
tion mechanisms at stake and, as we have shown, photo-
absorption is predominant. The hydrodynamic behaviour
is to a first approximation dependent on the Henke absorp-
tion coefficients, making the target transparent or strongly
opaque to the XUV laser wavelength.

We are in need of atomic physics data in order
to improve our model, but the way to produce warm-
dense-matter in laboratory is precisely by achieving XUV
laser-matter interaction, making it a closed-loop problem.
A well-characterized laser-plasma interaction experiment
would benchmark our code. There are examples of short-
pulse visible laser-plasma experiments on thin foils that
have reached warm and very dense plasmas, probed by
absorption and emission spectroscopy [20]. The time evo-
lution of the plasma however, may complicate the interpre-
tation of the results, so ultra-intense, short-pulse, tunable
VUV-FEL’s are needed to make opacity benchmarks in
warm dense matter.

In conclusion, XUV laser matter interaction was stud-
ied for several irradiation conditions. It was found that
the plasma evolution is strongly dependent on the target
material. For a transparent material and a relatively short
pulse, a warm, high density plasma, with very smooth gra-
dients can be obtained. As an example, bulk heating of the
material is achieved in the case of a silicon plasma, even
with such low intensity (10'® Wem™2) and photon energy
(90 eV) as considered here. This warm dense matter is
found in a large plasma region (>10 pm) and lasts for a
sufficient long time (larger than recombination and colli-
sion times) to potentially lead to a quasi-equilibrium state
of highly correlated plasma.

From our simulations, ablation is completely distinct
to what is known in visible laser-produced plasmas. This is
a very challenging perspective, and we are looking forward
to the XUV-laser focusing experiments to achieve these
new interaction regimes.

One of us (M.F.) was financed through FCT (Portugal)
under the program POCTI, with Contract number
SFRH/BPD,/11235/2002.
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