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Turning solid aluminium transparent by intense
soft X-ray photoionization
Bob Nagler et al.*

Saturable absorption is a phenomenon readily seen in the optical and infrared wavelengths. It has never been observed in
core-electron transitions owing to the short lifetime of the excited states involved and the high intensities of the soft X-rays
needed. We report saturable absorption of an L-shell transition in aluminium using record intensities over 1016 W cm−2 at a
photon energy of 92 eV. From a consideration of the relevant timescales, we infer that immediately after the X-rays have passed,
the sample is in an exotic state where all of the aluminium atoms have an L-shell hole, and the valence band has approximately a
9 eV temperature, whereas the atoms are still on their crystallographic positions. Subsequently, Auger decay heats the material
to the warm dense matter regime, at around 25 eV temperatures. The method is an ideal candidate to study homogeneous warm
dense matter, highly relevant to planetary science, astrophysics and inertial confinement fusion.

Saturable absorption, the decrease in the absorption of light
with increasing intensity, is a well-known effect in the visible
and near-visible region of the electromagnetic spectrum1, and

is a widely exploited phenomenon in laser technology. Although
there are many ways to induce this effect, in the simplest two-level
system it will occur when the population of the lower, absorbing
level is severely depleted, which requires light intensities sufficiently
high to overcome relaxation from the upper level. Here, we report
on the production of saturable absorption of a metal in the
soft X-ray regime by the creation of highly uniform warm dense
conditions, a regime that is of great interest in high-pressure
science2,3, the geophysics of large planets4,5, astrophysics6, plasma
production and inertial confinement fusion7. Furthermore, the
process by which the saturation of the absorption occurs will lead,
after the X-ray pulse, to the storage of about 100 eV per atom, which
in turn evolves to a warm dense state. This manner of creation is
unique as it requires intense, subpicosecond, soft X-rays. As such,
it has not hitherto been observed in this region of the spectrum,
owing both to the lack of high-intensity sources, and the rapid
recombination times associated with such high photon energies.
However, with the advent of new fourth-generation X-ray light
sources, including the free-electron laser in Hamburg8 (FLASH),
soft X-ray intensities that have previously remained the province
of high-power optical lasers can now be produced. Experiments
at such high intensities using gas jets have already exhibited novel
absorption phenomena9, and the possibility of irradiating solid
samples with intense soft and hard X-rays has aroused interest as a
possible means of producing warm dense matter (WDM) at known
atomic densities10,11.

We present the first measurements of the absorption coefficient
of solid samples subject to subpicosecond soft X-ray pulses
with intensities up to and in excess of 1016 Wcm−2, two orders
of magnitude higher than could previously be obtained. The
experiment has two phases: the first occurs during the 15 fs free-
electron laser (FEL) pulse, whereas the second occurs after the pulse.
During the first phase the sample absorbs predominantly through
inner L-shell photoionization. As the pulse intensity is increased,
the rate of photoionization surpasses the recombination rate so
that the inner-shell absorbers are severely depleted, leading to a
saturation of the absorption (that is, the aluminium becomes highly

*A full list of authors and their affiliations appears at the end of the paper.

OAP
GMD

Sample
Diode

Figure 1 | Schematic diagram of the experimental set-up. The energy of
the incoming beam is measured by the gas-monitor detector (GMD).
The beam is focused with an off-axis multilayer-coated Mo/Si off-axis
parabola (OAP) onto the sample. The transmitted energy is measured by a
silicon photodiode.

transmissive). In the second phase, the photoionized electrons
decay by two paths, radiative and Auger (radiationless) decay.
In principle, the former provides spectral information on the
temperature of the valence band, whereas the latter transfers energy
to the valence electrons that is effectively stored for times of the
order of several picoseconds (the electron–phonon coupling time).
We observe the first phase by measuring the transmission of the
pulse over a wide range of fluences. In separate experiments,
covering only the lowest fluences used, we have observed the second
phase by spectroscopy.

The experiment, shown in schematic form in Fig. 1, was carried
out using FLASH operating at a wavelength of 13.5 nm, that is,
a photon energy of 92 eV. The laser produced pulses of radiation
containing between 10 and 50 µJ per pulse in a pulse length of
the order of 15 fs (ref. 8) at a repetition rate of 5Hz. The highly
collimated beam of 5mm diameter was focused onto solid samples
using a Mo/Si multilayer-coated off-axis parabola with a focal
length of 269mm, and reflectivity of 48%. Focal spot sizes were
determined to be 1.5 µm at best focus by using Nomarski optical
microscopy and atomic force microscopy to look at damage craters
induced by the radiation on poly(methyl methacrylate) (ref. 12).
The aluminium samples were placed at nine different positions
from best focus, with the full-width at half-maximum diameter
of the laser spot varying from 1.5 µm at best focus, up to 45 µm.
The energy within each pulse was measured with a gas-monitor
detector13 (GMD). By variation of both the sample position
and laser energies, three orders of magnitude of laser fluence
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were scanned. The transmission of 53-nm-thick aluminium was
recorded as a function of laser fluence using a silicon photodiode,
which was calibrated with the GMD energies in the absence of a
sample. The calibration shows a linear correlation of the GMD
signal with respect to the photodiodes. However, this measurement
shows a ±10% shot-to-shot error, which limits the accuracy of the
measured absorption to±10% on a shot-to-shot basis. Statistically
larger variations between GMD and photodiode readings were
found for the lowest beam energies (≤10 µJ), and such unusually
low-energy shots are excluded from the analysis.

With an unexposed region of the aluminium sample in place, the
transmission is measured by comparing the energies recorded by
the calibrated photodiode and GMD for every shot. Transmission
as a function of fluence is shown in Fig. 2. Saturable absorption
can readily be seen in the experimental data, with an increase
in transmission from 15% at the lowest fluence of 0.3 J cm−2, to
65% at a fluence of 2× 102 J cm−2. Given a pulse length of 15 fs,
these limits correspond to irradiances of 2 × 1013 Wcm−2 and
1.5×1016 Wcm−2 respectively.

A theoretical model that explains this increase in transmission
with fluence can be constructed by considering the absorption
mechanisms and relaxation timescales pertinent to these extreme
conditions. At standard temperature and pressure, solid aluminium
has a filled-shell ionic core (1s22s22p6) with the three free electrons
(coming from the 3s2 and 3p atomic electrons) in the valence
band. As such, it has a relatively deep L-edge. The LIII and LII
edges lie below the photon energy, at 72.7 and 73.1 eV respectively,
whereas the LI lies at 117.8 eV (ref. 14). Experimental values for
the absorption coefficient of cold aluminium are well known in
this region14. The contribution due to free–free absorption (that
is, due to the valence electrons) in this region is very small
compared with the photoionization, and we determine values
for the photoionization absorption coefficient and the free–free
coefficient as 27 µm−1 and 0.2 µm−1 respectively for cold Al
(ref. 15). Therefore, for photons of energy 92 eV, almost all of the
absorption is due to photoionization of L-shell electrons. At high
intensities, the fraction of aluminium atoms with photoionized
L-shell electrons is high, leading to depletion of L-shell absorption:
after an electron is ejected from the L-shell of an atom, the L-edge
of that particular atom will increase owing to reduced screening.
The energy needed to eject a second L-shell electron is calculated to
be 93 eV (ref. 16), which is confirmed by measurements of Auger
energies16,17. Therefore, the FEL (at 92.5 eV) will not be able to
create a second L-shell hole; the photoionization quenches and the
absorption coefficient is heavily reduced to the value of the free–free
absorption. Once an electron is ejected from the L-shell, the hole
will be refilled by means of either radiative decay or the dominant
Auger decay. However, the total lifetime of such an L-shell vacancy
(which is much shorter than the radiative lifetime) is estimated to
be around 40 fs (ref. 18), that is, long compared with the FLASH
pulse length, but still short compared with any electron–phonon
coupling time, or hydrodynamic motion. Thus, the loss of L-shell
electrons during the initial part of the FLASH pulse results in
reduced absorption during the rest of the pulse—an effect that is
negligible at previously accessible soft X-ray intensities.

We can calculate the absorption of the FEL pulse versus its
intensity by keeping track of the densities of the unexcited and
photo excited aluminium cores as the pulse propagates through
the foil, and scaling the bound–free and free–free contributions
to the absorption accordingly. Thermal ionization of the L-shell
does not occur, as it requires a temperature above 10 eV at solid
densities19. The resultant transmission as a function of fluence is
plotted alongside the experimental data in Fig. 2. As the surface
of aluminium foils readily oxidizes, we assume a 10 nm layer
of aluminium oxide formed on either side of the foil20, which
matches both our data at the lowest fluence and transmission
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Figure 2 | Transmission of aluminium target as a function of fluence. The
circles are the experimental data points with a 1σ error bar; the solid line is
the theoretical prediction (see text). The dashed curve is the predicted
electron temperature in electronvolts (right y axis) in the valence band after
the FEL pulse has passed, but before the L-shell holes are filled and the
Auger recombination heats the band further.

measurements carried out on the same sample at a synchrotron
facility (Advanced Light Source) with the tabulated cold absorption
of aluminium14. The theoretical model shows excellent agreement
with the experiment.

The photo-excited electrons have an energy of the order
of 20 eV above the original Fermi energy. Measured inelastic
scattering lengths for such electrons in aluminium are between
5 and 10Å (ref. 21) corresponding to timescales of the order of
0.85–1.7 fs, in good agreement with calculations based on electron
gas dielectric theory22. Thus, the photo-excited electrons rapidly
lose their energy and thermalize with the initial cold valence
electrons on a timescale considerably shorter than the FLASHpulse.
As this electron thermalization time is short compared with the
pulse length and Auger decay time, both the electron temperature
and electron density immediately after the passage of the FLASH
pulse can be calculated. The electron temperature is calculated by
assuming that the excited electrons, which have a kinetic energy
equal to the photon energy minus the energy of the bottom of
the valence band, thermalize with the other valence electrons. This
predicted electron temperature after the FLASH pulse has passed is
plotted as a function of fluence in Fig. 2. We note that even at the
highest fluences, where we expect to have four electrons per atom
in the band, we estimate that the electron temperature at the end of
the passage of the pulse is only of the order of 9 eV.

Subsequently, L-shell holes will be filled with valence band elec-
trons. The dominant mechanism here will be Auger recombination
(the radiative yield is only 0.2%; ref. 18), which will heat the valence
band electrons, as each Auger electron will receive about 70 eV of
energy. Therefore, over the lifetime of the excited L-shell state, we
calculate that the electron temperaturewill increase fromabout 1 eV
to approximately 2 eV for the lower fluences in Fig. 2, and from 9 to
25 eV for the highest fluences.

Information about the electron distribution (and hence temper-
ature) in the valence band can be inferred from soft X-ray emission
spectra. We have measured such spectra in separate experiments
corresponding to the lower end of the fluence regime shown in
Fig. 2. In these experiments, carried out with a different set-up and
a 29 µm focal spot23, the integrated spectra of 1,800 shots were
measured (see Fig. 3). The radiative recombination of electrons
from the valence band to the LIII or LII levels results in emission that
ranges in energy from approximately 62 eV (the energy difference
between the L levels and the bottom of the valence band) to a
thermally broadened region at an energy corresponding to the
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Figure 3 | Soft X-ray emission spectrum of solid aluminium. Experimental
data (solid lines) for fluences from top to bottom of 0.6 J cm−2, 0.3 J cm−2

and 0.04 J cm−2. Spectra are fitted (dashed lines) using equation (1) where
we also include electron collision and Auger level broadening25, resulting in
temperatures of respectively 1.2 eV, 0.5 eV and 0.1 eV. Spectra are offset
for clarity.

difference between the Fermi energy and the L-shell—an energy of
around the L-edge energy at 73 eV.

The line shape of the emission can be written as24:

I (E)∼ω3 P(E) g (E) fTe(E) (1)

whereω is the emission frequency, P(E) is the square of the relevant
transition matrix element, g (E) is the free-electron density of states
and fTe(E) is the Fermi function for electron temperature Te. In
Fig. 3, experimentally recorded spectra are compared with theory
based on equation (1), where we also take Auger broadening and
broadening due to electron collisions into account25.

The soft X-ray emission is here seen to arise from the aluminium
valence band from which we infer that the sample is still at solid
density and the electrons at a temperature that can be estimated
by the slope of the spectra on the high-energy edge. In this way,
the electron temperature is inferred to be 1.2 eV, 0.5 eV and 0.1 eV
for fluences of respectively 0.6 J cm−2, 0.3 J cm−2 and 0.04 J cm−2—
temperatures that are broadly in agreement with those calculated
for the lower end of the fluence regime shown in Fig. 2. In fact
they are slightly lower than the calculated temperatures, which
may be due to the fact that the temperature is not uniform as a
function of depth within the sample in this unsaturated regime.
Evidently the collection of spectra at higher irradiances in future
experiments affords the potential to learn directly about the electron
temperature in this regime.

Returning to consider the response of the target at the highest
fluences, we note that immediately after the passage of the FLASH
pulse, where the high transmission indicates that almost every
atom has an L-shell hole, we expect the aluminium ions to be
close to their original lattice positions: the expected electron–
phonon coupling time is over a picosecond26 and even after
receiving energy from the electrons, an aluminium ion with a
temperature of a few electronvolts takes more than 50 fs to traverse
a lattice spacing. Thus, at the instant the pulse has passed, we
can infer that the aluminium is in an exotic, highly ionized, yet
crystalline state, of which the physical properties (for example,
band structure, equation of state, phonon spectrum and so on)
are largely unknown. How this system will subsequently evolve
into equilibrated WDM is still largely an open question, as
this depends on electron–phonon coupling times and ion–ion
interactions that have yet to be measured for these conditions.
Measuring these crucial parameters is beyond the scope of the

current work, and clearly one of the key experiments that must be
carried out in the future.

The results presented here are of significant interest in the
context of the creation of WDM by the irradiation of solid
samples by high-intensity soft and hard X-ray radiation. Saturating
an absorption edge enables very uniform heating of a sample:
whereas the front part of the pulse is absorbed and heats the
front of the sample, the back of the pulse will pass through this
bleached region, heating the back of the sample to nearly the
same temperature. For example, at 100 J cm−2, 50% of the FEL
pulse will be absorbed (see Fig. 2), but the temperature difference
between the front and the back of the sample is calculated to be
only 5%. This compares favourably with experiment where thin
samples are heated with high-intensity optical lasers. Although
such experiments have yielded excellent results and increased our
understanding of WDM significantly27,28, the sample thickness that
can be uniformly heated in this way is ultimately limited by the
electron ballistic depth of the hot electrons that the laser generates.
For example in ref. 28, this ballistic depth is around 110 nm, which
wouldmean that the back of 52 nm aluminium targets is exposed to
only 60% of the energy compared with the front of the target, which
will never allow for uniform heating within 5% as in our current
experiments. By saturating the absorption edge, we have efficiently
created uniformly heated warm dense aluminium.

We have presented the first demonstration of saturable ab-
sorption induced by record soft X-ray intensities. These results
are consistent with the ejection of an L-electron from almost all
atoms in the sample on femtosecond timescales. Although each
atom receives around 100 eV from the photons, a consideration
of the relative timescales of electron–electron inelastic scattering
and Auger decay implies that the electrons in the valence band
remain relatively cool before filling the L-shell holes by means
of Auger decay. Soft X-ray emission data obtained at the lower
end of the fluence regime show that in the future more detailed
measurements of the electron temperature may be possible. By
bleaching the L-edge transition in this way within 15 fs (on a much
shorter timescale than the picoseconds calculated to be necessary
for electron–ion equilibration), we infer that we have created a very
transient exotic state of highly ionized crystallinematter.
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