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Abstract. We report on new possibilities to generate solid-density plasma at extreme energy density by
intense VUV beams. Here we consider 100 fs pulses of 30 eV photons focused to 1016 and 1018 W/cm2. The
temperature evolution in 50 nm thick aluminum foils is discussed on the basis of simulations, performed
with the one-dimensional radiation hydrodynamics code MULTI-fs. For 30 eV photons, the foil is shown to
switch from transmission to reflection mode on a femto-second time-scale; this is due to the rapid change
of the plasma frequency during laser heating which may turn an initially transparent Al-foil into an opaque
one. The switching-time depends on the intensity of the laser pulse. Also layered heating structures inside
the foil are discussed which occur due to reflection at the rear surface.

PACS. 52.50.Jm Plasma production and heating by laser beams (laser-foil, laser-cluster, etc.) – 52.38.Dx
Laser light absorption in plasmas (collisional, parametric, etc.) – 78.20.Ci Optical constants (includ-
ing refractive index, complex dielectric constant, absorption, reflection and transmission coefficients,
emissivity)

1 Introduction

The TESLA Test Facility (TTF2) is a free electron laser
(FEL) providing photons in the VUV region between
20–200 eV. The final XFEL (X-ray Free Electron Laser)
planned for the coming years will produce photon energies
up to 12 keV [1]. Similar beams will become available at
the LCLS facility of the Stanford Linear Accelerator Cen-
ter [2]. The VUV photons correspond to frequencies in
the region of the plasma frequency ωP of solid-density
plasmas. This is also the region of peak coupling be-
tween photons and solid-density matter. For lower pho-
ton energies (ωL < ωP ), the electron density is overcrit-
ical, and the light cannot propagate. For higher photon
energies (ωL > ωP ), thin foils are transparent, and the
photo-absorption cross-sections decrease. The maximum
energy deposition in solids occurs just in this region, where
ωL ≈ ωP . Therefore the VUV beams of TTF2 can reach
plasma states in the same parameter range as the final
XFEL, be it in thinner target foils (typically 50–100 nm).
The VUV-FEL beam can generate solid-density plasma
covering the full temperature range relevant e.g. for iner-
tial fusion applications [3]. The uniformity of the plasma
layers is of central importance. They expand in a planar
way, making accessible a large range of densities. We an-
ticipate that pump-probe experiments for measuring ma-
terial opacities and equation-of-state properties will be-
come possible, covering temperatures of 1 eV–1 keV and
densities in the range of 10−3 < ρ/ρ0 < 1.
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The outstanding feature of the experiments now com-
ing up at DESY [1] and also at the Stanford Linear Accel-
erator [2] is the high brilliance of the VUV beams, which
were not accessible before. Plasma generation with VUV
beams has been discussed before [4–6]. Actual experimen-
tal results obtained with high-order harmonics at much
lower intensities have been reported by Theobald et al. [7].
Results on isochoric heating of solids with 150 fs optical
pulses has been published by Eidmann et al. [8].

2 Simulation tools

In the following, we present simulations showing the heat-
ing of 50 nm thick foils of solid Al by 30 eV VUV-FEL pho-
tons. The results are obtained with the code MULTI-fs,
which is a one-dimensional (1D) multi-group radiation hy-
drodynamics code. It has been developed for laser-matter
interaction of ultra-short (100 fs) pulses [9,10]. The code
solves the Maxwell equations in a steep gradient plasma.
So far, it accounts only for collisional absorption by free
electrons within the Drude model. At low temperatures,
the collisional frequency is adapted to the cold transmis-
sion values taken from the Berkely CXRO tables [11].

These hydrodynamic codes are based on the assump-
tion of local thermal equilibrium (LTE), which may be
in conflict with the 100 fs time-scale of the envisioned
experiments. For solid-density matter, however, and tem-
peratures in the range of 100 eV, electron-electron colli-
sion times are less than 1 fs and ion-ion collision times
less than 10 fs so that electrons and ions are expected
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to thermalize in their subsystems. On the other hand,
electron-ion energy transfer typically occurs on a longer
time-scale of about 100 fs [12]. The MULTI-fs code ac-
counts for this by dealing with separate electron (Te) and
ion (Ti) temperatures. Corresponding tables for electron
and ion equations of state as functions of mass density ρ
and temperatures Te and Ti, respectively, have been gen-
erated with the MPQeos code [13]. In the context of this
paper, a crucial role is played by the average ionization Zi,
which determines the electron number density ne = Zini

from the ion density ni and thereby plasma frequency, in-
dex of refraction, and VUV photon propagation inside the
foil. This important quantity Zi(ρ, Te) is also calculated
in LTE approximation and is taken from the EOS tables.

Spatial energy transfer is treated by flux-limited elec-
tron heat conduction and multi-group radiation trans-
fer, which also provides rough information about the self-
emission spectra. Opacity coefficients have been calculated
using the SNOP code [14,15]. For more precise diagnos-
tics, spectroscopic resolution may be needed and requires
post-processing of MULTI-fs output with more specialized
codes. In the present simulations, the heat flux inhibition
parameter is set to the free streaming limit (f = 0.6),
suggested by solid-foil isochoric-heating experiments by
Saemann [16], using visible light. One should notice that
a couple of parameters used in these simulations have been
adjusted to experiments with optical laser pulses and may
need readjustment in the VUV regime.

Another limitation of the results shown below relates
to the one-dimensional (1D) geometry of the present sim-
ulations, while the real beams have a transverse profile.
In view of typical foil thicknesses much smaller than the
focal diameter, full information can be obtained by folding
the 1D results with actual transverse intensity profiles.

3 Solid-density plasma

In Figure 1 and the following figures, a typical example is
discussed relevant to the upcoming experiments at DESY.
A VUV pulse of 30 eV photon energy and an intensity of
1016 W/cm2 (alternatively 1018 W/cm2) hits a solid alu-
minum target. A target thickness of 50 nm is chosen in
this case, which is in the order of the absorption length of
30 eV photons in cold Al. For this thickness, a significant
part of the incident pulse energy is absorbed in the layer,
but also a sufficient number of photons is passing which
is required for diagnostics purposes. The temporal devel-
opment of the pulse is given by sin2(πt/τ), where t is the
time and τ is the FWHM pulse duration.

It is seen in Figure 1 that electron temperatures up to
450 eV are obtained for a peak intensity of 1016 W/cm2.
Corresponding pressures, not shown explicitly, range up
to 500 Mbar. Hydrodynamic expansion is negligible dur-
ing this short time period. At an intensity of 1018 W/cm2,
5 keV temperature is obtained under these conditions.
Such high electron temperatures can be reached, because
the foil stays optically thin in this case and thermal radi-
ation losses still do not dominate.

Fig. 1. Electron temperature distribution in an Al-target after
55 fs, 75 fs, 100 fs, 150 fs and 200 fs generated by a VUV beam
with a photon energy of 30 eV (wavelength 41 nm), a FWHM
pulse duration of 100 fs and an intensity of 1016 W/cm2. The
thickness of the foil is 50 nm. It is divided into 120 cells of
equal mass. The laser pulse is incident from the left side.

Fig. 2. Temperature as a function of pulse intensity for elec-
trons and ions after 100 fs (dotted lines) and 10 ps (solid lines).
The target is 50 nm thick, the pulse of 30 eV photons is 100 fs
long.

In Figure 1, it can also be seen that the high peak
power VUV radiation deposits its energy rather uniformly
in the volume initially, heating the thin foil isochorically
such that the temperature is very uniform. After 75 fs
up to 150 fs, a temperature gradient appears. This is be-
cause the heated foil then becomes overcritical (compare
Sect. 4) such that absorption occurs predominantly near
the irradiated surface. At 200 fs after the end of the heat-
ing pulse, the temperature profile equalizes again due to
strong electron heat conduction. The maximum temper-
atures strongly depend on the intensity of the incoming
VUV pulse. This is shown in Figure 2. The intensity on
the target can be varied by changing the focus diameter.
Physically, the temperatures depend on the laser absorp-
tion mechanism, the equation-of-state [13] and the parti-
tion of the absorbed energy into thermal and kinetic en-
ergy. Electron and ion temperature differ strongly at early
times. This is because the beam first deposits its energy
into electrons and the subsequent energy transfer to ions
is slow due to the large mass difference.
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Fig. 3. Spatial evolution of electron and ion temperatures at
150 fs, 300 fs, 1 ps and 3 ps. The left surface of the original
target is located at z = 0. Notice that the profiles are plot-
ted versus real space coordinate to show foil expansion. These
results refer to a 50 nm thick aluminum target irradiated by
a 1016 W/cm2 pulse of 30 eV photons with a FWHM pulse
duration of 100 fs.

The temperature evolution during the hydrodynamic
expansion stage after the end of the pulse is shown in Fig-
ure 3 for both electrons and ions at times 150 fs, 300 fs,
1 ps and 3 ps. Ion temperatures are seen to strongly lag
behind for times shorter than 1 ps, but approach electron
temperature for 3 ps. Rarefaction waves lowering the tem-
perature are observed in the ion temperature curve at 1 ps
on both sides of the foil, while electron temperature stays
almost uniform also in the wings due to strong thermal
conduction.

4 Target as a 10 fs switch

The irradiated foil can be used as a femtosecond switch.
The switching occurs due to the fast change from the
transmission to the reflection mode, when the plasma fre-
quency ωP rises from ωP < ωL to ωP > ωL during heating.
This is illustrated in Figures 4–6; see also [12]. Since the
plasma frequency depends on the density of free electrons
in the plasma, ωP ∝ √

ne =
√

Zini, it increases with rising
ionization. This is shown in Figure 4. At an intensity of
1016 W/cm2, the aluminum target is ionized up to Al11+,
and ωP hits the photon frequency so that the pulse just
cannot propagate anymore. In Figure 5 it is seen how this
divides the 100 fs incident pulse into a 35 fs transmitted
pulse and a 75 fs reflected pulse. All pulse durations refer
to full width at half maximum (FWHM).

Raising the intensity to 1018 W/cm2, also K-shell elec-
trons are ionized and the plasmon energy �ωP rises to
33 eV. In this case, heating occurs much faster. Transmis-
sion is cut off already at 15 fs, and the switching time
amounts to 7 fs only. This is seen in Figure 6. While
transmission drops from nearly 88%, the value given in
the Berkely CXRO table, to less than 10%, absorption
and also reflection at the front surface of the foil are in-
creasing. Of course, also hydrodynamic expansion is faster

Fig. 4. Temporal development of the plasma frequency at an
intensity of 1016 W/cm2 and 1018 W/cm2. The photon energy
is 30 eV, the FWHM pulse duration is 100 fs, and the thickness
of the Al-target is 50 nm; �ωp,cold denotes the plasma frequency
of the cold Al target.

Fig. 5. Fragmentation of the incoming sin2-pulse into a re-
flected, a transmitted and into an absorbed pulse for an inten-
sity of 1016 W/cm2. Parameters same as in Figure 4.

Fig. 6. Time dependence of the transmission, reflection and
absorption of the pulse for an intensity of 1018 W/cm2. The
switching-time amounts only 7 fs. Parameters same as in Fig-
ure 4.
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Fig. 7. Stratified energy deposition after 50 fs, 60 fs, 70 fs
and 100 fs, for a photon energy of 30 eV and a FWHM pulse
duration of 100 fs in a 50 nm thick aluminum foil. The foil is
divided into 120 equal cells.

in this case because of much higher foil temperature and
pressure. Therefore light transmission recovers already at
about 115 fs, and, as a result, we have two transmitted
pulses separated by a time interval of 100 fs. In actual
experiments, time-dependent ring-like structures will ap-
pear, since the laser intensity has a transverse profile so
that transmission and reflection depend on radius.

These are just illustrative examples. It is seen that
the transition from transmission to absorption occurs very
rapidly. The switching-time depends on intensity. If the
intensity is higher, ionization occurs faster and therefore
the plasma frequency reaches the photon frequency ear-
lier. This allows in principle to slice the incident pulse
into pieces with short rise times and large contrast ratios.
These fast switching properties may be of interest in appli-
cations, where pulses much shorter than 100 fs with sharp
rising edges are required. Another possibility is to use the
foil as a plasma mirror for shaping VUV pulses with high
contrast ratios.

5 Stratified energy deposition

Another surprising effect is observed in Figure 7. Inside
the foil, the power of deposited laser energy reveals spa-
tial oscillations for intermediate times. This phenomenon
is related to inner reflection at the rear surface. It shows
up for photon frequencies somewhat below, but close to
the plasma frequency, where the plasma index of refraction
tends to zero and reflection becomes strong. A standing
wave then builds up inside the foil and leads to a lay-
ered deposition structure. In the peaks of this standing
wave the laser deposition is higher, and so is ionization.
The layered ionization structure further enhances the in-
ner reflection. In this way, the standing wave self-amplifies
until propagation is stopped because the plasma becomes

overcritical; see curves for 100 fs and later. Then the laser
deposition falls off again exponentially in the target.

6 Conclusions

The generation of solid-density plasma layers by intense
VUV-FEL radiation has been discussed in terms of simu-
lation results. When the laser frequency coincides with the
plasma frequency, ultra-fast switching from transmission
to reflection behavior occurs and can be used to slice 100 fs
pulses into shorter pulses. The present results are intended
to illustrate general behavior. For particular experiments,
they need to be adjusted to the actual parameters.
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