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Fast plasma production by intense femtosecond extreme ultraviolet and x-ray pulses

C. Fasolato®," E. Stellino®,%" F. Sacchetti®,>* and C. Petrillo®>
YCNR-ISC, Istituto dei Sistemi Complessi, I-00185 Roma, Italy
2Sapienza Universita di Roma, Dipartimento di Scienze di Base e Applicate per I'Ingegneria, I-00185 Roma, Italy
3Universita di Perugia, Dipartimento di Fisica e Geologia, I-06123 Perugia, Italy
4CNR-IOM, Istituto Officina dei Materiali, I-06123 Perugia, Italy
SAREA Science Park, I-34149 Padriciano, Trieste, Italy

® (Received 5 July 2024; accepted 28 November 2024; published 21 January 2025)

We develop a semiempirical model to describe the creation of an electron plasma in matter at extreme
conditions, as excited by high-intensity, extreme ultraviolet (EUV) or x-ray radiation pulses currently available
at free-electron laser (FEL) facilities. In typical FEL experiments, EUV and x-ray pulses are used to investigate
highly excited states of matter produced by optical pump pulses. The pump pulses, promoting electrons from
delocalized valence band states, excite the system often through multiphoton absorption processes and/or shock
wave propagation. Instead, the use of FEL radiation as a pump allows triggering electron transitions from
bound, core states to nearly free levels above the Fermi energy, promptly generating a highly excited state,
toward the warm dense matter regime. We model such an excitation process starting from the optical properties
of the analyzed materials and first-principle considerations, with the aim of motivating further studies in this
scheme. We apply our model to predict the differences in the plasma creation process in insulators and metals, at
varying exciting pulse wavelength and fluence, and we interpret the results in terms of the different nature of the
investigated systems. Furthermore, we explore the effect of the finite core hole lifetime on the plasma formation
and relaxation dynamics. We show the model is suited for the interpretation of real experimental data obtained

from a prototypical insulating crystal (LiF) in a EUV FEL pump-optical transmission probe experiment.

DOI: 10.1103/PhysRevResearch.7.013072

I. INTRODUCTION

The recent development of free electron laser (FEL)
sources has enabled a large variety of new experiments,
opening the possibility of studying radiation-matter interac-
tion directly in the time domain, in the pump-probe scheme,
achieving femtosecond resolution in a hardly explored wave-
length region, from the extreme ultraviolet (EUV) to x-rays,
i.e., up to several tens of keV [1-6]. In typical experiments,
a pump pulse with sharp time resolution modifies the state of
the sample, while a properly synchronized FEL probe pulse is
employed to measure the time evolution of the system absorp-
tion, reflection, or scattering. Two important points must be
carefully considered to perform experiments providing mean-
ingful data, for a correct interpretation of the sample behavior.
The first aspect is the need for an adequate probe, intense
enough to produce a measurable signal in a short time, while
weak enough to allow interpreting the data within the linear
response approximation or, in any case, to produce a minimum
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additional state change. The nonlinearity of the probe re-
sponse can be due to both its intensity and its coherence [6],
which is implicit in this sort of experiment, where both pump
and probe are produced by laser or laser-like processes. The
second point is the need for a pump that affects the sample
state uniformly, in a scattering volume larger than the region
sampled by the probe.

When an optical (infrared/visible/ultraviolet, IR /Vis/UV)
laser is used as a pump, the control of the pumped volume
is hardly achieved: the release of energy is complex and its
propagation can be slow in the experimental timescale. Never-
theless, several experiments have been performed in this way,
and there exists some protocol to obtain good data [7]. An
additional problem linked to the use of an optical pump is
the fact that the plasma produced by photoexcitation has a
significant reflectivity in this wavelength range, so that part
of the pump energy can be reflected, making the excitation
process even more complex and, possibly, poorly efficient [8].
In an alternative scheme, FEL radiation can act as a pump,
while FEL pulses of a different wavelength (in the so-called
two-colors approach) [9] or optical lasers [10], depending
on the nature of the experiment, are exploited as probes.
Interestingly, compared to the former scheme, FEL pumping
triggers a process with a different time evolution: in a short
time during the absorption [11], the FEL pump photoexcita-
tion is expected to produce a plasma of rather high atomic
and energy density, enabling the study of this exotic state
of matter.

Published by the American Physical Society
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In this paper, we introduce a semiempirical model for the
fast sample excitation produced by an intense radiation pulse
in the EUV range or beyond, up to the soft x-ray region.
The model is useful to describe the short-time evolution of
the sample state. We focus on material systems, like LiF, dia-
mond, MgO, and MgF,, that are transparent in the IR /Vis/UV
range, in which EUV pumping can produce the fast excitation
of an absorbing plasma, so that the sample acquires in the
probe region a significant absorbance, depending on the elec-
tron density. We then compare the results with those expected
for simple metals. The present model is not to be considered
as a comprehensive, predictive theory, but rather as a guide
for the design and interpretation of experiments employing
extreme ultraviolet soft x-ray radiation pulses in the discussed
scheme. For a more complete theory, although in a different
exciting energy density condition, we refer the reader to other
recent works [12].

The interaction of materials with short wavelength radia-
tion is significantly different from that with optical radiation.
Optical (IR/Vis/UV) pumping excites electrons from delo-
calized valence states and produces the formation of hole
states close to the Fermi level, with subpicosecond lifetimes.
Indeed, hole annihilation can occur (1) by electron-radiation
interaction, involving two electron states and one photon state
(radiative decay, slower process), and (2) through Coulomb
electron-electron interaction, involving four electron states
and no photon state (Auger nonradiative decay, faster pro-
cess). On the other hand, no matter whether the sample is
metallic or insulating, a high-photon-energy (x-ray to EUV)
pump triggers the transition of electrons from bound, lo-
calized states to almost-free states above the Fermi level,
transforming the sample locally into an excited plasma, with
no possibility of returning to the original condition. Due to
the short lifetime of almost-free electron states, a sort of ther-
modynamic equilibrium of the electron subsystem is obtained
rather promptly. Such delocalization of excited electron states
produces a much longer lifetime of the core holes, with the
nuclear motion entering the process in the picosecond time
scale [10].

In our model, at a first stage it is assumed that the core
hole annihilation is negligible at the timescale of the excitation
process. The plasma properties are examined as a function
of the exciting energy density and wavelength, depending
on the material optical functions. In a refined version of the
model, the density and lifetime of the core holes is considered.
The results of the present simulations are compared to an
experimental test on a crystalline sample of LiF carried out
at the TIMEX beamline [13] (FERMI FEL, Trieste, Italy [3]).
Additional estimates are produced in the case of typical metals
K and Fe, where the initial metallic state produces a high
reflectivity in the Vis region and a rather high absorption in
the soft x-ray range. In this case, the properties of the plasma
created by pump absorption are different as compared to the
insulator case.

II. EMPIRICAL MODEL

We here propose an empirical model to describe the ab-
sorption process of a short EUV to soft x-ray pulse, and
the consequent fast creation of a plasma of excited electrons

in almost-free states in a relatively wide, confined, and uni-
formly excited sample volume. The absorption of high-energy
photons produces an abrupt decrease in the absorption cross
section of the sample by reducing the occupation of the core
electron states, thus allowing for the propagation of the excit-
ing pulse within the sample. Much differently, a low-energy
IR/Vis/UV pump is typically absorbed in a shorter path,
the excited electrons producing a plasma with high-enough
density to continue the optical absorption process in the same
sample region. In other words, the high-energy excitation pro-
duces, in a short time, a larger volume where excited electron
states are present at lower density as compared to optical
pumping.

Firstly, the model is applied to specific examples in which
the sample is transparent to the IR/Vis/UV radiation while
having a low-enough EUV transmission to produce an elec-
tron plasma with appropriate density. As a second case study,
we then consider metals like K and Fe, in which the initial
conditions are basically the opposite, due to differences in
both the atomic density and the wavelength dependence of the
absorption coefficient.

We start by defining the absorption coefficient ©(A) and the
reflectivity R() of the original sample in terms of the complex
refractive index (L) = n(}) + ik(A), n(A) and k(1) being the
usual optical constants:

4mk(L)
pi) = — (D
and
_ 2 2
RGY) = [1—=n)]"+ k() @

(1 + ()12 + k(r)?

Both n(A) and k()\) are available with good accuracy in
a wide wavelength range [14] for many solid and liquid
samples: therefore, the ground-state optical properties can be
considered as known. In the case of a time-dependent exci-
tation of the sample, n(A) and k(X) start displaying a time
dependence too. However, considering that if A < 0.1 um, the
wave period is less than 0.3 fs, i.e., 100 times smaller than
a pulse duration of 30 fs, one can safely consider the optical
constants as slowly varying, stationary properties.

The effect of the fast radiation absorption, and consequent
electron excitation, was clearly observed in transmission ex-
periments using both EUV [15-17] and keV x-ray at very
high energy density [18]. An evident nonlinear increase of the
transmission of a thin slab, as a function of the pulse energy,
was observed in different materials. Of course, these studies
measure the transmission of the short-wavelength beam with
no time resolution, as they are probe-only experiments typi-
cally using conventional detectors.

To quantitatively describe the EUV absorption process, one
needs to consider the decrease of the absorption coefficient
w(Xx), which depends on the number of electron transitions
from the ground state to the excited state. This, in turn, is
equal to the number of photons absorbed from the incoming
beam in a given space volume d€2 = Sdx in the time interval
dt, S being the beam cross section through the sample and dx
the arbitrarily small thickness. The reflectivity of the system
after the excitation can also contribute to the apparent trans-
mission. In thick metallic samples, the transmission cannot be
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measured, but a pump-probe measurement of the reflectivity
in the IR/Vis/UV range would be possible, providing access
to some information on the state of the plasma produced by
EUV /soft-x-ray excitation.

To perform a simulation of the sample excitation, we
consider that the number of electron transitions is equal to
the difference between the corresponding average occupation
number per atom in the ground state in the unperturbed system
Zy and in the excited system. We define the latter as the time-
and space-dependent core-state occupation number Z(x, t), at
distance x from the sample surface and at time ¢ from the
reference arrival time at x = 0. The number of transitions dN;,
per unit time, at a given space-time point (x, ), is given in the
following differential form:

dN; = —dly = pu(x, 1) L(x, t —tp)dx = pu(x, )Ny f(x, 1) dx,
3)

where I,(x,t) = Ny f(x, t) is the incoming photon flux, with
f(x, t) the properly normalized pump photon density and Ny
the number of incident photons; w(x, t) is the linear absorp-
tion coefficient as a function of space and time, including
the (small, as compared to pulse duration) radiation propa-
gation time f, =t — x/c, where we have acknowledged the
quasi-transparent nature of the created plasma [10]. The func-
tion f(x,t) satisfies a boundary condition f(0,t) = fo(?),
fo(t) describing the time dependence of the EUV pulse, with
J23 fotydr = 1.

The linear absorption coefficient accounts for two contri-
butions, namely, that from the absorption depending on the
population of the core states, and that due to the excited
electron plasma pp(x, t), expected to be negligible when the
photon energy increases. Considering that the core holes are
localized, we can assume a local modification of the system
optical properties by photoexcitation. We stress that, in this
way, we implement a nonlinearity in the model by introducing
a radiation-induced modification of the system properties. We
do not consider any nonlinearity in radiation-matter inter-
action, consistently with quantum electrodynamics [6]. The
variation of the absorption coefficient at (x,?), in the time
interval dt, is thus described to be proportional to the (neg-
ative, as discussed below) variation of the average core state
occupation number Z(x, t).

We can use the following:

v
dp = 7o 1 dz,

where (g is the absorption of the unperturbed atom and v is
the number of nearby atoms, whose absorption cross section is
expected to be strongly affected by the absorption event. In-
deed, the absorption causes the transition of an electron to
a delocalized state, strongly decreasing the probability of a
second transition from the core states of the nearest neighbors,
in a similar fashion as a second ionization in a molecule.
Taking as v the number of first nearest neighbors might be
a good starting point for an evaluation, considering that an
accurate experiment can help to fully understand this aspect
of the process.

One must note that, locally, there is not a continuous
variation of the absorption cross section because the local

occupation number is an integer. However, for the simulation
of the process, we only need the average occupation number
Z(x, t). The variation dZ of the average core-state occupation
number is proportional to the absorption of the incoming beam
in the time interval dr:

dZ = —a f(x, t)dt.

Finally, we have

dp = —— poaf(x, dt @)
Zy

Accordingly, to get a formal estimate of the proportionality
constant « we observe that, given the atomic density 7, in the
(small) sample volume d<2 = Sdx, there are dNy = nySdx
atoms, but only a fraction proportional to Z(x, t)/Z, has the
full absorption cross section because, as discussed above, once
an electronic transition has occurred, a second transition from
the same site (or from the neighboring atoms) is very unlikely.
Here, n, refers to one atom of the formula unit, because at a
given wavelength one core state is primarily contributing to
the absorption. Therefore, one has

Nopo
o =
NatS

&)

In principle, one could calculate w(x, ) using a theoret-
ical approach like time-dependent density functional theory
[19,20], at least when the radiation wavelength is not too short
so that the basic approximation of this technique is fulfilled
[19]. However, detailed calculations are difficult and there is
the need for some additional approximation, so that the results
are useful for a comparison to an experiment, while one is
more interested in a model able to obtain specific quantitative
information from the data and, possibly, to provide a guideline
for new investigations.

The above equations (3) and (4) can be solved numerically
at a good accuracy level once the basic quantities w and
ny are known, and the total energy E\, and wavelength of
the incoming radiation are defined. The solution of the equa-
tions allows for the determination of the average number of
excited electrons Zy — Z(x, t) and the corresponding density
of the plasma defined as

[Zo - Z(x, D] Zu(x,1) 3
Qu B Qa B 4’77[610 rs(xst)]:;’

npl(xa 1) =

where €2, is the atomic volume and the last equality is written
in terms of the plasma density parameter r(x, ) dependent on
position and time, and ay is the Bohr radius.

According to the fact that in a very short time [11] an
excited plasma is produced by the pump, it is possible to
investigate some properties of the new state of the sample
using the characteristics of the plasma resonance expected in
that condition. A simple description of the plasma resonance
can be based on the basic approach proposed in Ref. [21],
useful for a straightforward comparison to the experimental
data. Experiments provide the plasma transmission spectrum,
and hence the product p,(A)d of the plasma, having absorp-
tion coefficient pp(A) and thickness d. This comparison is
complicated by the fact that the electron density of the plasma
is not constant, as a consequence of both the complexity of the
plasma creation process and the intrinsic spatial variation of
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the energy of the incoming radiation pulse. The macroscopic
measurement of the sample transmission provides only a spa-
tial average of upi(A)d. Therefore, it is necessary to employ a
proper model of the sample response. In this sort of standard
pump and probe experiment, a time resolution better than 0.1
ps is well within the technical capability [22]. A specific ex-
ample will be discussed in the next sections by analyzing the
data available from an experiment performed on LiF [10]. To
appreciate the effect of the spatial inhomogeneity suggested
by the present study, however, a time resolution overcoming
the pulse duration would be necessary.

III. APPLICATION OF THE MODEL
TO BENCHMARK SAMPLES

To define the characteristics of the proposed plasma cre-
ation model, we first consider typical materials that are
transparent to the visible light, while markedly absorbing the
EUV radiation. These samples can be interesting and informa-
tive, because the plasma created by the EUV excitation makes
the sample absorbing in the visible range. The transparent
systems are diamond (C), magnesium difluoride (MgF,), and
magnesium oxide (MgQO), all systems for which the optical
constants are available in a wide wavelength interval. Even-
tually, we describe the case of LiF, in which experimental
information on EUV absorption and its effect in the visible
region, from a pump and probe experiment, is available [10]
and optical constants are known. As a different case study,
we consider visible-light-absorbing materials. Specifically,
we selected the metals potassium (K) and iron (Fe), the first
being a simple metal with low atomic and electronic density,
while the second is a transition metal with high atomic density
and complex, strongly interacting electron states.

For each sample we simulate the trend of the radiation
intensity as a function of time and penetration depth and the
time evolution of the plasma density, by a numerical integra-
tion of the coupled differential Egs. (3) and (4). Considering
the fact that, as discussed above, a single absorption of a
high-energy photon already changes strongly the local atomic
state, we used Zy = | everywhere to attempt an overview
of the effect of EUV excitation. The conditions used in the
different systems are given in Table I, where we report the
incoming photon wavelength A, 1o(A) and the atomic number
density n,. All the tests are performed using an incoming
beam having a total energy of 15 wJ per pulse, a duration
of 80 fs, and focused on the sample in a circular spot of
30 um in diameter, thus obtaining an average power density
of ~27 TW /cm?. The power and duration were those used in
the LiF experiment [10], useful for a comparison with actual
experimental results. Of course, since the tests are performed
using different incoming wavelengths, and hence different
photon energies, the equivalent number of photon per pulse
changes depending on the wavelength.

In Figs. 1(a) and 1(c), we report typical EUV intensities
through the sample, as a function of position and time, in the
case of MgO and MgF, at two wavelengths. The color map is
such that a vertical cut in the graph describes the temporal evo-
lution of the EUYV intensity experienced in a point at a depth
x from the sample surface. A horizontal cut gives the instan-
taneous spatial distribution of the pulse intensity at a time ¢.

A typical behavior is obtained when the absorption coeffi-
cient as well as the parameter « are high enough. Under this
condition, the fast reduction of the absorption coefficient as
described in Eq. (4) allows for a tiny intensity reduction, at
the expense of the time length of the incoming radiation pulse.
As a consequence, the radiation penetrates the sample up to a
distance d (see Table I) where the pulse duration approaches
zero, while the peak intensity remains almost constant. This
behavior is similar in the insulating samples, with variations
due to a combination of the linear absorption coefficient and
the atomic density of the sample. We recall that this is just an
asymptotic behavior obtained as a mathematical solution for
our problem, since the model is developed under the limit of
pulse duration greater than the radiation period (~0.1 fs for
40 nm wavelength).

In Figs. 1(e) and 1(g), we show the results for the two
metals potassium and iron. Interestingly, the two samples
show a common behavior, somewhat different from that of
the transparent samples. In the case of shortest wavelength
(20 nm), the absorption coefficient is small enough and the
intensity decreases exponentially, as is usual when a weak
beam of radiation impinges upon a sample. Additionally, there
is no simple relation between the duration of the pulse and the
depth into the sample, as is the case of transparent samples.

As the wavelength becomes longer, the absorption co-
efficient increases and, at the same time, also « increases.
Therefore, in the limit of large wavelengths, the behavior ob-
served in the transparent samples is reproduced in the metallic
sample, with the peak intensity of the pulse remaining almost
constant as the pulse propagates within the material, with
a progressive reduction of the pulse duration. That specific
behavior thus appears to be related to the size of the o coeffi-
cient, but there is no evidence of an abrupt transition between
the two regimes.

For all cases, we report in Figs. 1(b), 1(d), 1(f), and 1(h)
the electronic density of the plasma created by the radiation
as a function of the sample depth at a delay time of 100 fs,
that is, after the end of the incoming radiation pulse. In
the case of MgO and MgF,, we report the electron density
at the two wavelengths corresponding to the intensity plots.
In the case of the metals, we also plot the electron density
at the additional wavelength A = 100 nm. The most evident
difference is related to the presence of an exponential decay,
which is evident in the case of metals and apparently absent
for transparent materials, at least in the wavelength range
where (g is rather high. It is important to consider that the
spatial distribution of the plasma density is affected by the
spatial distribution of the incoming intensity.

To analyze the observed behavior in K and Fe, in those
conditions where a flat density is present, we fitted an expo-
nential function only on the final decay, as shown in Figs. 1(f)
and 1(h). We found that the fitting functions are very similar
to an exponential decay, which can be linked to the absorption
coefficient up. Indeed, in the case of potassium, the ratio of
the decay coefficients fieyp, extracted from the simulation, to
o, are 0.860, 0.986, and 0.816 um’l, while in the case of
iron it is found that pexp/ 1o is 0.942, 0.977, and 0.982 um™':
the tight correspondence is evident. This result suggests
that the spatial decay of the incoming intensity (and, thus,
of the produced plasma density) behaves similarly to a normal
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TABLE 1. List of systems simulated using the present empirical model. The atomic number density n, is the density of the first atom of
the formula unit. The linear absorption coefficient 1, obtained from the available optical constants » and k used for the simulation, is reported
together with the o parameter of Eq. (5) and the distance dj,, where the electron density of the plasma produced by the EUV pump has a sharp

decrease (see text).

Sample po, o A=20nm A=40nm A=60nm A=100nm A=110nm X =190 nm
C ng =0.1763 A3

C po(N) (um™) 31.0 21.0 12.4 6.5
C a(A) (um™) 3.51 9.07 26.7 0.09
C dp(\) (um) 0.60 0.85 1.22 1.60
MgO ng = 0.05349 A3

MgO po(A) (pm™) 76 130 63 20

MgO a()\) (um™) 6.07 15.55 12.58 4.38

MgO dp(\) (um) 2.40 3.00 4.95 5.90

MgF, ng = 0.03044 A3

MgFs po()\) (um™!) 47 154 114 135

MgFs a()\) (pm™?) 6.60 32.37 40.00 51.98

MgFs dp(N) (pm™) 4.05 4.25 6.14 5.94

K ng =0.01322 A~3

K jo(A) (nm™) 0.114 0.438 0.082 0.163 0.128
K a(\) (pm™) 0.0184 0.142 0.0397 0.132 0.196
K dy(\) (um) 15.7 17.55 30.8 76.3
Fe ng, = 0.08496 A~

Fe j1o(\) (pm™') 0.22 1.04 2.02 3.82 7.87
Fe a(\) (pm™?) 0.0056 0.052 0.152 0.481 1.88
Fe dy()\) (pm) 2.1 3.7 6.45 12.2
LiF ng =0.06230 A3

LiF po(\) (um™) 39.0 57.8

LiF a()\) (um™) 1.39 3.68

LiF dp(N) (um) 1.28 2.12

absorption process. This trend is produced by the fact that, at
the end of the travel, the incoming pulse becomes shorter and
shorter (see Fig. 1) and the total available energy decreases.
When the pulse energy is below a critical limit, the absorp-
tion does not produce a relevant reduction of the absorption
coefficient.

Considering the above results, we studied the effect of
the total energy per pulse of the incoming radiation more in
detail. To this purpose, we analyze the cases of MgO and Fe
as a function of Ey from 5 to 50 wl, in steps of 5 wJ. The
results are reported in Fig. 2, in which it is observed that
the energy has a complex effect on the plasma density. In
all cases, it is found that the electron density shows a rather

abrupt break when becoming lower than a practically fixed
value nsl. This behavior is sketched in Figs. 2(a) and 2(c) as

a horizontal dashed line at nf; = 0.0045 A3 in MgO and at

nf = 0.0053 A= in Fe. Considering the huge difference in
the absorption coefficient 1 in the two materials (see Table I),
we can state that the effect does not depend on ¢, since the ngl
values retrieved are rather similar. One can thus guess that this
behavior is due to a mixture of contributions: while iron has a
much smaller absorption coefficient than magnesium oxide, it
has a larger atomic density.

Another complex effect is related to the trend of the density
as a function of space. In the case of Fe, in which ug is
low, npi(x) is practically constant up to a break distance dp,
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FIG. 1. Space-time evolution of the radiation intensity in (a) MgO, (c) MgF,, (e) K,and (g) Fe at two different wavelengths, as indicated
by the labels. [(b), (d), (f), and (h)] Spatial distribution of the plasma electron density 100 fs after the mean time of the EUV pulse, at the
same wavelengths as the intensity distributions. An additional wavelength (A = 100 nm) is also reported in the case of K and Fe, where an
exponential decay is present. The dashed black lines are exponential fits to the electron density in the region of nearly exponential decay, with

decay constant fleyp.

above which a clear decrease is seen, followed by an expo-
nential decay. In contrast, in the case of MgO, in which g
is high, it is seen that, at growing depth, the electron density
tends to decrease, with a quite evident energy dependence. At
low energy, the fractional decrease of np(x) is rather small,
because the value ngl (blue dashed line of Fig. 2) does not

depend on the energy of the incoming pulse. However, the
value of np(x) in the region close to the external sample
surface increases on increasing Ei, and, as a consequence,
the fractional density variation becomes larger. To quantify
this effect, in Fig. 2(b) we plot the E, dependence of the
difference np;(xp) — ngl, Xy being the position of the density
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FIG. 2. (a) Space evolution of the plasma electron density np (x)
in MgO determined at r = 100 fs, at A = 20 nm, at varying the total
pulse energy, with E, from 5 to 50 wJ in steps of 5 uJ, reported in
blue shades, with lighter colors for higher energies. The horizontal
blue dashed line indicates the electron density n% where the energy-
independent break of 7, (x) is observed (see text). The dotted line is
used for the case Ey,, = 15 W, further explored in Fig. 4. (b) Excess of
density ny(xy) — nﬁl in MgO with respect to the reference value nI’;l,
blue dots. The blue line is a linear fit through the origin. x,, indicates
the position where the density has its maximum. (c) Same as in (a) for
Fe at A = 40 nm. (d) Energy dependence of the density break distance
dy, (see text for details) in MgO (blue dots) and Fe (red triangles). The
color palette is according to (a) and (c).

maximum. As is evident from the plot, there is a linear depen-
dence on the pulse energy. Therefore, one can guess that there
is a proper absorbed energy per unit length which produces
an equilibrium plasma density, while the excess of absorbed
energy produces an excess density, which decreases with the
pulse energy penetrating the sample.

As further information, we plot in Fig. 2(d) the break
distance dj, defined as the position of the maximum of
—dny(x)/dx as a function of E. Itis found, as expected, that
dp is an increasing function of E, and it is generally higher
in Fe, low-absorbing material, than in MgO, high-absorbing
material. However, the global trend cannot be interpreted in
a simple way. Indeed, at low energy d, tends to be greater in
MgO than in Fe.

In metals, particularly in Fe, the pulse is almost uniformly
absorbed over time, so that the residual pulse duration has a
mild dependence on the depth inside the sample. Therefore, it
is evident that the sharp plasma density decrease observed in
transparent materials is linked to the region where the resid-
ual pulse duration becomes short. This behavior is present
when p is large enough. Indeed, all the process is based on
the fact that, as the plasma is created, the absorption coeffi-
cient immediately decreases (a condition specific to the EUV
range), because the electron plasma has normally a relatively
small plasma frequency, which also behaves as absorption
cutoff. Therefore, the radiation pulse shortening, typical of
the high-absorption materials, occurs only if enough electrons
are excited per unit length. Assuming that a fraction o* of
the electrons is necessary to make the material transparent,
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FIG. 3. Space evolution of the plasma electron density in
diamond at four different wavelengths and E,,, = 15 wJ. The wave-
lengths are 40, 60, 100, and 190 nm (gray solid lines, from dark to
bright). The horizontal dashed line marks the break in the electron
density nz], which is wavelength independent, as observed for other
materials. The red dashed line is an exponential fit to the data at A =
190 nm and at x > 1.5 um.

the whole process becomes effective if Ny po/S is larger than
a*ny, S being the pulse diameter. If the condition is not ful-
filled, the absorption proceeds without creating a significant
plasma density, the behavior of the material remains uniform,
and the duration of the pulse is not modified. When the ab-
sorption is high, the process continues with the creation of
an almost uniform plasma until the residual duration of the
radiation pulse becomes very short, and the creation process
stops suddenly.

Finally, we applied the model to the case of diamond. The
major difference of diamond with respect to the other mate-
rials is its significantly larger atomic density. The simulation
results are reported in Fig. 3, where it is seen that the plasma
electron density behaves in a similar way as the other trans-
parent materials apart from the fact that, at long wavelength,
because of the reduction of py on approaching the visible
region where the sample is transparent, no plateau is present
and the density exponentially decays. Again, the exponential
decay has a decay constant similar to g, flexp ~ 0.587 um™!
as compared to ;o = 0.6 um ™' (tabulated value).

A. Effect of core hole lifetime on the plasma formation

The model described above neglects the effect of the life-
time of the core holes produced by the absorption process.
Core hole annihilation can occur (1) by radiative decay, in-
volving two electron states and one photon state, and (2)
through Auger decay, involving four electron states and no
photon state. Usually, the radiative decay is a relatively slow
process, while the core hole annihilation via Auger decay is
faster. The complexity of the Auger process makes the evalu-
ation of a core hole lifetime a quite difficult task. Calculations
of Auger rates in simple molecules are possible [23-25], and it
is found that light molecular systems, like LiF or water, have a
state-dependent decay lifetime, varying from tens to hundreds
of femtoseconds.

The experimental determination of the core hole lifetime,
which is fairly difficult already in stationary conditions, be-
comes even harder in a time-resolved experiment. Therefore,
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we modified the model to have a preliminary evaluation of the
effect of the localized state lifetime on the plasma evolution.
The evolution of the core hole population is complex, but it
can be described by an inverse lifetime I', = 1/7,, which is
due to different processes like radiative and Auger recombi-
nation. If different processes give rise to the core hole decay,
they globally result in a single inverse lifetime I', = ), 1/7;,
so that one has

dZ =T\[Zy— Z(t)] dt. @)

We recall that, as it is well known, starting from an initial
state in which the excitation has produced a core state average
population Z; < Zy, in the absence of further excitation, the
time evolution of the population is very simple:

Z(t)=2Zy+ (Z; — Zy) exp[—F,t]. (8)

This result is valid if Zy — Z; < Zy, because an excess of
excitation produces a hot plasma, with a progressive loss of
the system structure and a reduction of the hole recombination
rate.

In any case, assuming a fixed inverse lifetime, if the in-
cident radiation is active, the time evolution of Z(x,t) is a
variant of the previous equation:

dZ = {—af(x, 1)+ T\ [Zo — Z(x, )]}dt. )

This time evolution of the core-state population produces
a modification of Eq. (4), and the evolution of the linear
absorption coefficient becomes

A= o l=af (1) + Ty (2 = Z0x, Oldr.— (10)

Looking at Eq. (10) it is evident that there can be a complex
effect of the core hole lifetime. Indeed, this process tends to
reduce the decrease of the core-state population and, hence, of
n(x, 1), at a given spatial point. However, the lower decrease
of the absorption coefficient produces, at the same time, an
increase of NV, [see Eq. (3)] with a corresponding decrease of
Z(x, t). Therefore, the finite lifetime of the core hole has the
combined effect of decreasing and increasing the core state
population as a function of time.

The effect of I', has been estimated in the case of MgO
and Fe, as typical examples of systems having high and low
absorption, respectively. The value of the lifetime 7, has been
varied in the range 5-50 fs, that is, I', is varied from O to
0.2 fs~!. The resulting electron plasma density, as determined
at t = 100 fs using Ey, = 15 wl, is reported in Fig. 4. Of
course, on increasing the delay time other processes should be
taken into account, but the contribution of the nuclear motion
is not considered relevant in this time range.

The results in Fig. 4 show a very different behavior in the
two systems MgO and Fe. In the high-absorption compound
MgO, it is found that the core hole lifetime has a similar
effect in all cases with an abrupt (spatially limited to <100
nm) increase of the density up to an almost constant level
extending in a wide distance range, followed by a rather sharp
peak at the end of the plasma region. The steep initial jump
remains constant, no matter what the value of I', is; the flat
density decreases on increasing I",, down to rather low values;
and also the final peak decreases, but with a lower rate. The
initial flat region in the density plot as a function of x is created
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FIG. 4. Space evolution of the plasma electron density in (a and
¢) MgO and (b and d) Fe, determined with E,, = 15 wJ [(a) and (b)]
and E,, = 50 wJ [(c) and (d)], at . = 40 nm at¢ = 100 fs. The curves
show data at varying I",, from top to bottom (and from dark to light
color): 0 (dotted lines), 0.02, 0.03, 0.10, 0.15, and 0.2 fs~'. The inset
of (b) reports the np(x),) at the position x,, where the density has its
maximum for E, = 15 uJ (pink dots) and E,, = 50 uJ (red dots).

by the initial part of the incoming EUV light pulse so that,
on reducing the core hole lifetime, it is subject to a higher
decrease because of the core hole—electron recombination. On
the other hand, the peak is created at a time closer to the
observation time of 100 fs, so that the recombination has a
smaller effect.

In the case of iron, a low-absorption metal (MgO, o =
76 um~!, Fe, o = 1 um™"), the plasma density is distributed
in a different way. Indeed, the initial increase is mild, up to
a maximum followed by a slow decrease. As a consequence,
the data show a smooth maximum increasing on increasing
the lifetime (i.e., decreasing I',). The maximum practically
disappears when I', = 0 (dotted curves), as is also the case of
MgO.

An intriguing shared feature of both MgO and Fe is the
final decline rate, which is well described by an exponential
trend of the form o exp[—pg x], independently of Eyy and of
the core hole lifetime, steep in the case of MgO and slow in
Fe. Across the explored range of Ei and I',, no indication
of deviation from the trend is present, although the specific
range in which the trend appears varies depending on both
parameters. For instance, the sharp decrease observed in MgO
maintains its rate but its spatial extent is influenced by Ey,
while only a small dependence on T, is observed, as already
evident in Fig. 4.

Finally, the peak electron density is considered [inset of
Fig. 4(b)], produced in the different cases as a function of
I, at fixed energy Ey. It is found that in iron the peak
electron density increases by a large factor [F = xy (", =
0.02 fs’l)/xM(F, =0.2fs"1)]at decreasing I', from 0.2 fs!
(lifetime 5 fs) down to 0.02 fs~! (lifetime 50 fs). F decreases
from 55 to 32 on increasing E from 15 to 50 uJ. In the case
of MgO (data not shown), there is a similar trend but the effect
is much smaller, with F ranging from 4.6 to 3.0 on increasing
Ei from 15 to 50 uJ.
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Itis also important to consider that, in a real case, the strong
excitation of the material after energy absorption does not
change the absorption coefficient only. Indeed, considering
that the electron states with low binding energy are largely
modified by the radiation, also the core hole lifetime is ex-
pected to change during the excitation process. This specific
process needs a precise description of this (dynamic) plasma
state to be accounted for.

B. Qualitative and quantitative comparison to real experiments

Our model describes the effects of a FEL pump in the
x-ray/EUV range on the absorption coefficient of the sample,
suggesting that the produced changes can be probed with
photons in the optical range (x-ray/EUV pump optical probe),
at least for materials that are insulating in the ground state.
As mentioned above, several experiments in the literature
show x-ray/EUV FEL pulses inducing mechanisms similar
to those discussed here. The FEL pumping effects are there
investigated in transmission [15-18,26], and in two color
FEL pump-probe diffraction [27,28] and photoemission [29]
schemes. In Ref. [28], Allaria er al. reported a significant
attenuation of the probe contribution in the diffraction pat-
tern of a Ti dispersive grating induced by a 38-nm pump at
high fluence (in the order of 1 J/cm?, which is compatible
with the conditions explored here). This effect was associated
with the FEL-induced ionization of Ti atoms, resulting in a
reduction of the absorption coefficient near the pump wave-
length. Similar effects of photoinduced transparency caused
by high-fluence (~10* J/cm?) FEL pulses were also reported
in Ref. [27], where an attenuation of the probe diffraction
peak was observed in diamond on a timescale of ~10 fs,
and in Ref. [26]. In the latter study, a direct measurement
of the absorption coefficient of Al was conducted using a
transmission scheme with subpicosecond soft x-ray pulses at
variable fluences in the range of 10~'-10% J/cm?. An increase
in Al transmission was observed at fluences above 10 J/cm?
due to the inner L-shell photoionization rate surpassing the e-h
recombination rate. Finally, the attosecond x-ray pump-probe
measurement in Ref. [29] directly probes by electron photoe-
mission spectroscopy the increase in the binding energy of
electrons in the carbon K-shell, upon photoionization of para-
aminophenol. Of course, the design of such experiments was
not explicitly aimed at proving the validity of our model, but
their interpretation is qualitatively in line with the description
proposed here, thus corroborating our approach.

As a more suitable experimental example to directly test
the present model, we refer to the investigation performed on a
crystalline sample of lithium fluoride [10]. In this experiment,
abeam of 15 wJ per pulse with A = 37.14 nm, a spot diameter
of ~30 um, and a duration of ~80 fs is produced at the elas-
tic inelastic scattering (EIS)-TIMEX beam line [13] (FERMI
FEL [3], Trieste, Italy). This beam was used to produce a
plasma excitation, with results useful to gain experimental
insights into the EUV plasma creation process. The pump
and probe experiment provided the optical transmission as a
function of time. From the optical transmission, it is possible
to derive some information on the electron plasma, which is
nearly transparent to the EUV pump but absorbs in the visible
and near-UV region [10]. This specific experiment, exploiting

the initial transparency of the sample in the optical region, was
originally devoted to the investigation of the evolution of the
plasma in the 1-2-ps time range after the arrival of the EUV
pulse.

Here, we confine our study to the time interval just after the
arrival of the EUV pump. A supercontinuum pulse in the range
450-730 nm is employed to measure the plasma transmission.
From the transmission experiment, in ideal conditions, one
can determine the product between the linear absorption co-
efficient and the plasma thickness 1o(X)d,. While in principle
the reflectivity of the plasma might limit the measurement ac-
curacy, an estimate of the plasma optical coefficients suggests
that this effect plays only a minor role [10].

Using the model described above, the simulation of the
LiF sample was performed considering an EUV pulse with
the characteristics of the experiment and, for comparison pur-
poses, also a pulse at A = 20 nm. The LiF simulation data are
reported in Table I; the data related to the experiment at A =
37.14 nm are found in the column labeled 40 nm. The plasma
density resulting from the simulations is presented in Fig. 5(a),
in which a behavior similar to that of MgO and MgF, is
observed, with np(x) showing an extended plateau and a break
at a density independent of the exciting wavelength.

The simulation was carried out without any reference to
experiments, apart from the use of tabulated optical constants
of the material considered in the initial state. It is found that
the obtained value of d, = 2.12 um (see Table I) compares
well with the experimental estimate [10]. Furthermore, the
magnitude of the electron density in the plasma is in reason-
able agreement with the average density deduced from the
complex, long-time evolution observed in the experiment.

Considering that in the real experiment the intensity of the
pump is not spatially uniform, because the pump beam has
a Gaussian intensity profile, the effect of the beam energy
E,« was also simulated using the model. The results of the
simulation, in Fig. 5(b), expectedly show a behavior similar
to that of MgO (see Fig. 2), with a smooth increase of both
density and thickness on increasing Ey, as well as a break
of the electron density at a fixed value. In Fig. 5(b), a limited
increase of the average density is observed as a function of the
energy [see also Fig. 5(d)].

The effect of the core hole lifetime is also evaluated in the
same conditions of the experiment, safely assuming a lifetime
of 50 fs. Immediately after the EUV excitation, the actual
core hole lifetime is probably even longer, because of the
effect of the excited, almost free, electron states present in
the plasma. From the results, shown in Fig. 5(e), it is evident
that the plasma thickness is independent of I',, but the electron
density distribution is changed. Therefore, one can expect to
derive very useful information by measuring the transmission
of the plasma in the wavelength interval where the original
LiF crystal is almost ideally transparent. In particular, we see
that the plasma electron density is less uniform in condition
where the core hole lifetime is shorter. When the plasma
density is not uniform, one might expect a relevant contri-
bution associated with electron diffusion. However, assuming
that quantum mechanics plays a minor role, in the present
timescale where ¢ & 100 fs, considering an average plasma
electron energy of ~100 eV, the average electron velocity
results to be less than 2 um/ps, with randomly distributed
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FIG. 5. (a) Space evolution of the plasma electron density in LiF determined with E,, = 15uJ at¢# = 100 fs, at 20 nm (pink) and 37.14 nm
(violet line). The horizontal dashed line indicates ng]. The vertical dashed lines indicate the thickness of the plasma (d;,) at 20 nm (pink) and
37 nm (violet). (b) Energy dependence of the plasma density in LiF, at # = 100 fs and A = 37.14 nm. The energy is increased from E,y = 2 uJ
(dark line) up to Ey; = 30 uJ (light line) in steps of 2 uJ, and the corresponding 7, (x) are plotted. As in (a), n’;l is indicated by the horizontal
dashed line. The energy dependence of dj, [(c), squares] and of 7 (x) [(d), triangles] are shown in the same color scale of (b). (e) Typical
effect of the core hole lifetime at A = 37.14nm and E,,, = 15wJ. The I', = 0 result at r = 100 fs (dark solid line) is compared to the results
with I", = 0.02 fs~! (dotted line, dark) and, with the same parameters, also at ¢ = 150 fs (dotted line, light). (f) Product () )d;, deduced from
the experiment [10]. The data at small negative time, which measure the efficiency of the instrument, are reported as gray crosses, while the
data taken at a small delay (100-200 fs) after the EUV pump are shown as violet dots. The black solid line shows a data fit using the simple
model described in the text. The vertical dashed lines indicate the minimum (A,;,) and maximum (A,,) Wavelengths as obtained from the fit

(see text).

direction, which is a rather small value in comparison to the
density variations shown in Fig. 5(e). Therefore, we consider
the present description adequate to the purpose of studying the
plasma just after its creation.

To perform an analysis of the experimental data, we start
from the calculation of Ref. [21], assuming that the absorp-
tion is also proportional to the number of electrons in the
absorption volume. In addition, from Fig. 5(e), we can rea-
sonably consider the product np w, as roughly constant in
the range where the density is not very small, producing a
detectable absorption of the probe radiation. Using these ap-
proximations and describing the ideal plasma resonance with
a Lorentzian function, it is possible to describe p(w)dp in
a closed form, considering a uniform distribution of plasma
frequencies between w, — A and w,, + A. Such lineshape is
appropriate for a simple comparison to the experimental data.
We found

oty = KGO [ (2222
— arctan (a)m_rLAﬂ, (11)
)

where w,, = /12/r} is the plasma frequency in Rydberg
units at the average density and I',, is the damping function,
assumed to be constant. The factor w is due to the proportion-
ality to the photon energy of the photoelectric effect transition
rate. This equation can be used to describe the experimental
data shown in Fig. 5(f).

A more complex and accurate approximation could be per-
formed using an estimate of the plasma dielectric function, but
such an approach is rather complex also because temperature
effects need to be considered [30].

The radiation absorption in the EUV range and beyond
produces a relatively low plasma density because the abso-
lute maximum of np(x, ) is Zony. By assuming only one
excited electron per Li atom, the expected maximum elec-
tron density corresponds to ry >~ 2.96 and the maximum
plasma frequency is fiw, >~ 9.27 €V, still a rather low value
which produces a negligible absorption of radiation at en-
ergy beyond 20-30 eV. On the other hand, the so-produced
plasma is absorbing at lower energy, an effect quite evident
if the original material is transparent in the same range,
as in the case of LiF and the other insulating materials
considered here.
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To perform a tentative comparison to the experimental re-
sults of the sample transmission in the visible region, we used
the available data from Ref. [10], deriving the wavelength de-
pendence of the plasma transmission in a small time window
after the EUV pulse arrival. By averaging the data in the delay
range ~ 100-200 fs, we obtain the results shown in Fig. 5(f),
in which we report the product w(X)d, = —In[T(X)], T (A)
being the observed sample transmission for the radiation at
a given wavelength L. In Fig. 5(f), we also report the raw
transmission measured at negative delay with r < —100 fs.
It is evident that the sample, without EUV excitation, has
almost no absorption in this wavelength range, and the data
clearly show the high transmission of LiF. Accordingly, data
at negative delay were used as a transfer function of the
instrument for a minor correction. Looking at Fig. 5(f), we
find a mild wavelength dependence of (A )dj. Therefore, for a
preliminary estimate of w(, we consider the average of w(i)d,
in the range 480 nm < A < 660 nm. Assuming a thickness of
the plasma dj = 2.12 um, as determined from the simulation
(see Table I), we find () = 0.103 & 0.003 um~".

Considering the shape of the absorption versus the wave-
length presented in Fig. 5(f), we believe that there is evidence
of a nonuniform electron density. Indeed, if the plasma had
a well-defined density, one would expect a relatively sharp
absorption peak at the energy fiw,(r,), while the observed
wavelength range corresponds to about 6 < ry < 8 at zero
temperature. According to Eq. (11), the observation can be
related to the fact that the intensity of the EUV pulse is not
spatially uniform and the decrease of udj, on increasing A can
be attributed to the wavelength [energy, according to Eq.(11)]
dependence of w. Actually, there is no experimental informa-
tion about the intensity variation in the volume sampled by the
probe beam. Therefore, considering that the probed volume is
smaller than the volume where the pump acts, we assumed
that the plasma density has a smooth variation in a given
region, so that the plasma wavelength can be assumed to vary
between Anin = 2mwc/(wy + A) and Apax = 2mwc/(wy — A)
with a constant weight apart from a factor proportional to the
photon energy. In this way, we assume that the simple analytic
form of Eq. (11) is adequate to describe the present exper-
imental data of pu(w)d,. The fit of Eq. (11) to experimental
data is shown in Fig. 5(f), and the good agreement with the
experimental data is evident.

We found that the plasma absorption is relevant in the
range between Ay, = 448 £4 nm and Ay = 702 £ 10 nm,
corresponding to ry = 6.62 = 0.04 and r; = 8.93 £ 0.08. The
average density observed in the simulation of Fig. 5(a) pro-
vides ry = 6.45, a value close to the maximum density of the
fit to the data. However, the effect of the core hole lifetime
plays a major role in determining the variation of the electron

density, so that one can guess that the estimates from the fit are
providing an interesting clue about the formation and initial
stability of the plasma. Considering that the experimental data
were not specifically collected for this sort of analysis, we
believe that the experiment provides good support to the de-
scription of the plasma formation using a high-energy pump.

IV. CONCLUSION

We have presented an empirical approach to describe the
absorption of an intense and short EUV or soft x-ray pulse
in crystalline samples, having in mind the description of the
initial phase, when the electron-ion interaction plays a negligi-
ble role. A first-principle detailed description of the excitation
process is extremely complex. This holds for all materials,
from metals to insulators, and including semiconductors [31],
the complexity arising from the variety of processes that can
be triggered by EUV light [32]. Indeed, while it is possible,
at some level of accuracy, to consider the effect of empty
core states, the behavior of the electron excited states is much
more demanding to model [32-34]. These two basic processes
are going to produce opposite effects, as the transition rate is
expected to be reduced by the excitation of core states, while it
can be raised by the increased number of final states available
in the excited electron gas.

We tried to take into account experimental absorption data
obtained on normal state materials, exploiting an empirical
description of the change in the absorption coefficient in
different excitation conditions. Using different choices for
the parameters of the model, the complex interplay of the
different contributions is shown. The model can be useful
to perform an analysis of the experimental data to iden-
tify the important effects to be taken into account. The
application in the case of different materials allows under-
standing the role of the specific properties of the excited
materials.

An experimental description of the change of the transmis-
sion of crystalline LiF is shown in the visible region after 100
fs from the arrival of a 70-fs pulse of EUV radiation at 31 eV.
The model was found to compare well with the experiment,
providing information otherwise unaccessible on the sample
behavior.
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