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High intensity pulses obtained by modern extreme ultraviolet (EUV) and x-ray photon sources allows the
observation of peculiar phenomena in condensed matter. Experiments performed at the Fermi @Elettra FEL-1
free-electron-laser source at 23.7, 33.5, and 37.5 eV on Al thin films, for an intermediate-fluence range up to
about 20 J/cm?, show evidence for a nonmonotonic EUV transmission trend. A decreasing transmission up to
about 5-10 J/cm? is followed by an increase at higher fluence, associated with saturable absorption effects. The
present findings are interpreted within a simplified three-channel model, showing that an account of the interplay
between ultrafast electron heating and saturation effects is required to explain the observed transmission trend.
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Novel extreme ultraviolet (EUV) and x-ray sources de-
livering intense and ultrashort photon pulses [1-4] are able
to induce extremely interesting photon-matter interaction
processes which are usually neglected. In particular, saturable
absorption effects and high levels of deposited energy (ultrafast
electron heating) are both phenomena that are expected to
affect the opacity of materials [5,6]. Nowadays, free-electron-
laser (FEL) facilities allow us to reach unprecedented levels
of fluence per photon pulse. Deviations from the typical
well-known exponential decay (Lambert-Beer law), valid for
both extreme ultraviolet (EUV) and x-ray photons under
moderate flux conditions, are thus expected.

Saturable absorption inducing increased transparency of
materials was observed in transmission measurements above
the Ly edge of pure Al thin films using ultrashort FEL
soft x-ray pulses [5], in ultrathin Sn films using EUV FEL
radiation [6,7], and more recently at higher photon energy
in iron [8]. The high intensity reachable by FEL pulses, the
shortness of the pulse duration, and the typical lifetime of the
excited state are all important factors enabling observation of
the phenomenon. The results of Nagler et al. [5] were obtained
using subpicosecond soft x-ray pulses (92 eV photon energy)
with intensities up to and in excess of 10'® W cm~2 (fluences
up to ~200 J /cm? for each pulse). In that experiment, large de-
posited energies in the ultrathin Al foil allowed the creation of
highly uniform warm dense matter (WDM) conditions [9,10],
a regime exceedingly difficult to reach in laboratory studies,
but of great interest in various fields, including high-pressure
and planetary science, astrophysics, and plasma production. As
a matter of fact, warm dense matter at electron temperatures
in the 1-10 eV range can be generated by EUV and x-ray FEL
radiation [10-13], and various ultrafast techniques can be used
to probe WDM properties in that regime.

Those previous results naturally call for further challenging
experiments and the development of suitable interpretation
schemes for modeling and understanding the EUV/x-ray
absorption cross section under high-fluence conditions. The
present availability of tunable FEL radiation in the ultraviolet
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(UV) and soft x-ray ranges such as Flash (Hamburg) [1] and
Fermi@Elettra (Trieste) [3,14] and in the hard x-ray range such
as LCLS (Stanford) [2], SACLA (Spring-8) [4], and of the
future European XFEL (presently under construction) gives
us an extraordinary experimental opportunity [15] for probing
the properties of dense matter under extreme conditions.

In this Rapid Communication, we report the results of EUV
transmission experiments on Al thin films, measured in an
intermediate range of fluence. Results are interpreted in the
framework of a simplified theoretical approach accounting for
saturation and electron heating effects. The purpose of this
work is thus twofold, as it provides both EUV experimental
data and modeling of the variation of the fluence-dependent
transmission in condensed matter.

The EUV transmission experiments have been performed
at the TIMEX end station [16—-18] of the Elastic and Inelastic
Scattering (EIS) beamline, using the FERMI@Elettra FEL-1
source, a seeded FEL providing clean, tunable [3,14], and
intense subpicosecond [100 fs full width at half maximum
(FWHM)] photon pulses in the 19-62 eV photon energy range.
In Fig. 1 we show the TIMEX [16-19] experimental setup
used for the present experiments including important details
of the photon transport and diagnostics systems. Diagnostics
and intensity tuning of the FEL pulses are provided through a
dedicated system (PADReS [3,14,20]), including a spectrom-
eter for measuring the pulse shape. As shown in the right
hand side of Fig. 1, a gas attenuation chamber allows for
adjustments of the FEL pulse intensity, while two low-pressure
ionization chambers placed before and after the gas chamber
are calibrated to provide measurements of the intensity (/) at
the FEL exit for each individual pulse. A 200 nm flat Al filter
is available within the (unfocused) FEL beam transport section
to eliminate the seed laser contribution. Different experimental
stations can be selected by controlling a switching mirror.

The sample-photon interaction region is located inside the
TIMEX chamber, including a five-axis motorized manipulator
holding samples and pulse diagnostics, the detector for trans-
mitted intensity I, the focusing mirror, and the telemicroscope
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FIG. 1. (Color online) Sketch of the experimental setup including optics, diagnostics, and detectors for the transfer and control of the FEL
pulses generated by the Fermi @Elettra FEL-1 source (right, not shown). From the right to the left (main figure) FEL pulses pass through
ionization chambers (measuring the intensity /y), a gas cell absorber (fluence reduction), a plane mirror, and selected filters. On the left side we
show the setup inside the UHV TIMEX chamber: the motorized manipulator holding sample and pulse diagnostics, the detector (photodiode
measuring /), the focusing mirror, and the telemicroscope. (a) The FEL focal spot at sample position; (b) an image of the Al ultrathin sample
surface after FEL pulse exposures; (c) the multisample assembly for this experiment.

for centering the beam on the sample (see the center of
Fig. 1). Focusing of the beam has been provided by a spherical
platinum-coated silicon mirror (400 mm radius of curvature,
0.2 nm roughness rms) placed close to normal incidence (angle
of incidence 3°), which is able to provide a focal spot of area

2 2 100 um?. The maximum energy per pulse delivered by
the FEL source for the present experiment has been in the
300, 180, and 130 pJ range at 23.7, 33.3, and 37 eV photon
energy, respectively. Data were collected over two to three
decades of incoming fluence F' through the combined use of
filters and the gas attenuator. Appreciable damages to the
sample surface were observed after irradiation with a single
FEL pulse with F > 0.1 J/cm?. Each individual shot has been
tagged by a unique label (bunch number) allowing single-shot
transmittance measurements. The actual incoming fluence F
on the sample was determined by taking into account the area
of the focal spot (0%) as well as the mirror reflectivity and
beamline transmission. The detector for the transmitted photon
intensity I; was a silicon photodiode (UVG20S, IRD, Inc.)
coupled with a 0.5 mm thick YAG fluorescence screen having a
100 nm aluminum coating on the FEL side. Samples for
the present experiments have been unsupported self-standing
100 nm thick Al foils, mounted on UHV-compatible 10 mm
rings (Lebow Co., Goleta, CA).

The FEL focal spot at sample position, shown in Fig. 1(a),
was refined using a YAG screen located on the multisample
assembly [Fig. 1(c)] of the manipulator. The best lateral
dimension of the pulse at focus was found to be ~10 um
(FWHM). The telemicroscope (Questar QM-100) has been
used both to determine the in situ size and shape of the FEL spot
as well as the status of the samples in the interaction region.
The effect of exposition to the FEL pulses on the samples can
be appreciated by looking at Fig. 1(b). The motorized sample

manipulator stage is conceived for single-shot measurements
at a 10-100 Hz rate and has allowed positioning of each
FEL pulse on undamaged sample regions. In the present
experiment, we have collected a large set of transmission data
for repeated FEL shots moving the Al target in new positions
for each shot.

The set of postprocessed transmission measurements (7' =
I,/ 1y) collected at three different photon energies in a wide
range of incoming fluence is reported in Fig. 2. Due to the
limited efficiency of the optics (using a mirror at normal
incidence), the maximal fluence reached has been ~20, 13, and
10 J/cm? at 23.7, 33.3, and 37 eV photon energy, respectively.
Single-shot measurements are individually presented in Fig. 2,
as a result of different experimental campaigns varying the
FEL photon wavelength, using the natural intensity fluctu-
ations of the FEL pulses, the pressure of the gas absorber,
and the presence of filters. Extended calibration curves of
the I, signal with respect to Iy measured by the ionization
chambers were collected prior to each measurement in the
entire range of fluence available. The thickness homogeneity
of the Al thin films was estimated to be within 5%, as
indicated by prolonged collections of transmission data with
FEL pulses below the damage limits. The random noise on
single-shot transmission data is due to a combination of
counting statistics and thickness fluctuations. The observed
transmission is reproducible over successive fluence sweeps,
and the solid curves reported in Fig. 2 refer to the confidence
interval for single-shot measurements obtained from the
average and standard deviation of data point subsamples over
successive fluence intervals. The transmission variation with
F is statistically significant. At low photon energy (23.7 eV)
the high absorption of Al and the low efficiency of the detector
did not allow us to collect reliable low-fluence measurements
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FIG. 2. (Color online) Single-shot transmission data of FEL-1
pulses across an ultrathin 100 nm Al foil as a function of the
estimated fluence F. Data refer to a FEL photon energy of 23.7 eV
(red circles), 33.3 eV (green squares), and 37.0 eV (blue circles).
Lines depicted for each photon energy enclose bands of estimated
uncertainty (standard deviation) for the single-shot data points within
successive F intervals.

(below F =5 J/cm?). The other two sets of measurements
(33.3 and 37 eV) are instead presented over three decades of
incoming fluence F (0.01 to ~10 J/cm?).

Looking at Fig. 2 we can notice that the observed trend
of transmittance for increasing incoming fluence includes a
decrease at intermediate fluence (F < 5J/cm?) followed by an
increase for higher-fluence levels. This trend is clearly visible
at 33.3 and 37.0 eV, while the quality of the data at 23.7 eV
allows only observation of the increased transmittance at high
fluence. The increased transmission is qualitatively similar to
the one previously measured at higher photon energy [5], but
a full understanding of the observed trend is required for the
development of suitable models and computational tools.

In a recent work [21], we developed a phenomenological
three-state model which is able to reproduce saturation phe-
nomena related to the increased transmission. We refer to the
original publication [21] for more details on the computational
model. In brief, the model describes the variation of the density
of occupation numbers N, N,, and N3 of the three many-body
states (ground | 1), excited |2), and an intermediate relaxed state
|3)) by a set of rate equations with proper constraints:

dNi(z,1) _ 8(z,01(z,1) + Na(z,1) n N3(Z,t)’

dt hv 721 T3]
dNyzt) @Dl Nt Nai)
dt - hv T T3
dN5(z,t 1 1
A& _ L e — LN, (1)
dt 23 731

8(z,1) = o(T)[Na(z,1) — Ni(z,1)],
N = Ni(z,t) + Na(z,1) + N3(z,0).
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In this set of equations, the occupation numbers depend thus
on the photon field intensity /(z,#) at time ¢ and position
z (along the direction of propagation of the pulse), the
photon absorption cross section o at given photon energy
hw, and on the relaxation times T between the various
states. In this formalism, g(z,7) is an effective time- and
space-dependent absorption coefficient, possibly temperature
dependent, that can be considered to be constant for linear
absorption (Lambert-Beer law).

Equations (1) are coupled with the transport condition of
the incoming pulse, within the classical electrodynamics limit,

dl(z,t) 1dI(z,1)
dz c dt

= g(z,0)I(z,1). 2)

Within the model described by Eqgs. (1) and (2), absorption
and stimulated emission by laser radiation involve transitions
between ground |1) and excited |2) states. The relaxed state |3)
represents the ensemble of all possible relaxed states reached
by decay of state |2). It can decay to state |1) by emitting a
photon or through other processes.

Equations can be solved numerically following the dy-
namics of the pulse, using discretized grids with Ar = 0.4
as and Az = 1.2 nm which satisfy the Courant condition,
¢ < Az/At, so that the “upward differencing” method can be
applied safely [22]. Application of Eqs. (1) and (2) within
a suitable computational scheme has been shown to explain
previous experiments on saturable absorption [21].

In the present experiment, the decrease of EUV transmis-
sion observed in an intermediate range of fluence (see Fig. 2)
cannot be simply described by the rate equations, and we need
to include explicitly the increase of electron temperature in the
model. Detailed calculations of the temperature dependence of
the EUV absorption coefficient of aluminum are reported in a
recent paper [23], showing a peculiar increase of absorption in
an intermediate range of electron temperatures (1-10 eV).

We have included the temperature dependence in our model
for EUV transmission by calculating the deposited energy E s
through the Al thin film, and using the Maxwell-Boltzmann
approximation for the electron temperature 7,: (E) = %k (T).
Within this approach, the temperature variation A7, for each
slice Az of a thin film of given valence electron density n, is
simply related to the fluence change A F (deposited energy per
unit surface): kg AT, = %AA—?. The temperature dependence
of the absorption cross section [o'(T)] has been then calculated
on the basis of previous WDM calculations [23] as a result of
the deposited energy (A F) in each slice and Egs. (1) and (2)
solved numerically.

For free-free EUV absorption, the effective lifetime of the
excited state can be much longer than that of excited core levels
(~40 fs for Ly edge [24]) due to the presence of complex
thermalization processes involving filling a hole in a valence
state, transport of electrons, and Auger recombination [25].
Those processes and the naturally long lifetime of Fermi-liquid
states near Er can lead to thermalization times in excess of
400 fs [25]. Based on these considerations, the FEL pulse
width (zggr = 100 fs) has been considered to be shorter than
the lifetimes of the excited states tp;,73;. We have verified
that EUV transmission curves as a function of fluence are
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FIG. 3. (Color online) Experimental EUV transmission data
compared with different calculations (see text). Curve A includes only
optical saturation phenomena without accounting for temperature
effects; curve B includes electron heating but neglects saturation
phenomena; curve C takes into account both electron heating and
saturation effects. The vertical bars refer to the average and standard
deviations of single-shot data points within successive F intervals.

practically insensitive to the precise value of those lifetimes
in the range 0.2-1 ps (721 = 131 = 500 fs was used for the
final calculations). On the other hand, the typical decay time
T3 to the intermediate state was estimated from the inelastic
mean free path curve (7p3 ~ 1 fs at 20 eV of electron kinetic
energy).

The results of our calculations are compared with EUV
transmission experiments in Fig. 3. Three different model
calculations have been performed: including only optical
saturation phenomena (curve A); considering only electron
heating but neglecting saturation phenomena (curve B); and
including both electron heating and saturation effects (curve
C). As shown in Fig. 3, model A is not able to account
for the decrease observed in EUV transmission as expected.
Model B accounts only for the temperature change in the
absorption cross section o(7) and overestimates the EUV
transmission decrease. Model C, including both electron
heating and saturation phenomena, reproduces the essential
features of the EUV transmission trend.

The computational model allows us also to estimate the
electron temperature throughout the film. In Fig. 4 we report
the curves enclosing the minimal and maximal electron
temperature reached within the film as a function of the
FEL pulse incoming fluence (at 23.7, 33.3, and 37 eV
photon energy). Electron temperatures kp7, in excess of
1 eV are obtained for fluence regimes above F ~ 3 J/cm?.
An almost linear trend (see also Ref. [19]) and a spread of
electron temperatures (up to about 15%) is obtained through
the thin Al film, up to fluence regimes in the 10 J/cm?
range. Saturable absorption is found to limit the deposited
energy for F > 10J/cm? providing quasiuniform bulk heating
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FIG. 4. (Color online) Estimated electron temperature in the
100 nm thick Al thin film as a function of incoming fluence
at different FEL photon energies (curves enclose maximal and
minimal temperatures through the film for given fluence). Electron
temperatures in excess of 1 eV are obtained for fluence regimes above
~3J/cm?. Saturable absorption is found to limit the deposited energy
above 10 J/cm? providing uniform bulk heating in the high-fluence
regime (see the inset on a linear scale).

in the high-fluence regime (up to 7, ~7 eV for 37 eV
photons).

In conclusion, here we have reported the results of EUV
transmission experiments on Al thin films in the 2040 eV
photon energy range for fluences up to about 20 J/cm?.
We show that transmission is first decreasing, as an effect
of ultrafast electron heating, and then increasing, mostly as
an effect of saturation. The results are interpreted in the
framework of a simplified theoretical approach accounting
for the two effects, both necessary to explain the experimental
observations. The present data and simulations indicate that
electron temperatures in excess of 1 eV are obtained in
single-shot EUV transmission experiments at fluences larger
than 3 J/cm?.

This work has been carried out in the frame-
work of the TIMEX collaboration (time-resolved stud-
ies of matter under extreme and metastable conditions:
http://gnxas.unicam.it/TIMEX), aimed to develop an end
station at the FERMI@Elettra FEL facility in Trieste. TIMEX
is a project financed by the ELETTRA synchrotron radiation
facility in Trieste in collaboration with the University of
Camerino. K.H. gratefully acknowledges TIMEX research
grants for support. A.D.C., R.G., and K.H. acknowledge
the COST Action MP1306 EUSpec and the European FP7
MSNano network under Grant Agreement No. PIRSES-GA-
2012-317554.
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