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The high peak brightness of X-ray free-electron lasers (FELs), coupled with X-ray
optics enabling the focusing of pulses down to sub-micron spot sizes, provides
an attractive route to generating high energy-density systems on femtosecond time
scales, via the isochoric heating of solid samples. Once created, the fundamental
properties of these plasmas can be studied with unprecedented accuracy and control,
providing essential experimental data needed to test and benchmark commonly used
theoretical models and assumptions in the study of matter in extreme conditions, as
well as to develop new predictive capabilities. Current advances in isochoric heating
and spectroscopic plasma studies on X-ray FELs are reviewed and future research
directions and opportunities discussed.

1. Introduction
The study of high energy-density physics (HEDP) is of great importance for both

fundamental and applied physics. Matter is loosely defined to be in this regime if it
has an energy density exceeding about 1011 J m−3, which corresponds to temperatures
above a few eV at a typical density of a solid, or pressures above one Mbar. As
illustrated in figure 1, such matter is widespread in the universe in a variety of
forms, ranging from the interiors of giant planets, such as Saturn and Jupiter, to the
constituent matter of all the different types of stars. Importantly, understanding the
properties and the dynamics of matter in these extreme conditions, and its interaction
with radiation, is essential for inertial confinement fusion investigations.

Within the realm of HEDP, a further practical distinction is often made between
warm-dense matter (WDM), describing partially degenerate, dense systems at
temperatures around the Fermi energy of a typical metal (5–10 eV), and hot-dense
matter (HDM), where the temperatures are sufficiently high that there is no degeneracy
in the free-electron distribution. What these systems have in common is a high density
of charged particles, so that their Coulomb energies are non-negligible compared with
their kinetic energies. This significantly complicates the theoretical description of such
systems, as approaches based on kinetic theory become inadequate, many-body effects
become important, and systems exhibit strong correlations between their constituent
particles. In this sense, theoretical work on HEDP often lies on the boundary between
condensed matter physics and classical plasma physics, borrowing techniques from
both, but generalizable to neither. Further, the complexity of these systems, combined
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with the vast scale of interactions and processes that need to be accounted for, makes
the development of simplified, approximate models necessary; their validation with
experimental data is thus all the more essential.

To date, creating a homogeneous system, which is both very dense and has a high
energy density, has proved to be a remarkable experimental challenge. While such
states of matter are produced any time plasmas are created from solid samples, they
are invariably highly transient, and also exhibit steep, juxtaposed gradients in density
and temperature. As such, creating and isolating well-defined WDM and HDM states
is an important experimental goal in its own right, in addition to the clear interest
in the development of dedicated diagnostic techniques aimed at the study of their
properties and dynamics. Importantly, the experimental difficulties in studying these
systems impact theoretical developments, as little quantitative data is available to
validate and guide calculations and modelling.

In this context, X-ray FELs are now starting to prove their potential as a tool to
both create and study HED systems. On the one hand, X-rays, characterized by photon
energies much larger than the plasma frequency of a typical dense system (10–20 eV),
are capable of penetrating deep into samples, depositing energy and probing them
volumetrically. On the other, the high peak brightness afforded by FELs, combined
with sub-micron focusing X-ray optics, now enables the deposition of millijoules of
energy into volumes of a few cubic microns, within about 100 fs, sufficient to generate
high energy-density systems on inertial confinement time scales. In what follows I will
discuss some of the first results of experiments where X-ray isochoric heating was
used to create extreme states of matter, and the advances that this has led to in terms
of our understanding of the properties of dense plasmas.

2. Isochoric heating on X-ray FELs
Using intense X-rays to deposit energy in free-standing foils is an attractive

route to creating solid-density plasmas, both because of its simplicity in terms of
experimental setup, and because the energy deposition of X-rays is volumetric,
i.e. not limited only to a surface layer. Provided the thickness of the target foil
is comparable to the absorption depth of the X-rays used, this deposition can also
be made fairly homogeneous. For these reasons, this route towards the controlled
generation of HED matter was seen as very promising and was proposed and
extensively investigated theoretically over the past decade, forming a key component
in the drive for HEDP to be performed on X-ray FEL facilities (Lee et al. 2002,
2003; Ng et al. 2005; Tschentscher & Toleikis 2005; Fisher et al. 2006; Rose 2009).
With the commissioning and beginning of user operation of XUV and X-ray FELs
worldwide, these techniques have now become experimentally feasible, and, as will
be discussed in the following, are starting to fulfil their promise. Of course, this
method is not limited to foils. For example, isochoric heating of cryogenic hydrogen
droplets to WDM conditions has recently been demonstrated on the FLASH XUV
FEL (Zastrau et al. 2014).

2.1. Saturable absorption
While the absorption of X-rays is volumetric in dense matter, in the linear absorption
regime the X-ray intensity still decays exponentially within a thin foil following Beer’s
law. For this reason, targets thicker than about one absorption length are generally not
used to create homogeneous HED systems, and even at a single absorption length,
gradients of over a factor of two may form between the front and back surfaces
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FIGURE 1. Phase diagrams of high energy-density systems. Temperature–density phase
diagrams for hydrogen and aluminium plasmas, denoting the regions of warm- and
hot-dense matter. Various values of the plasma coupling parameter Γ = Z2e2/(r0kBT),
denoting the ratio of the interatomic potential and thermal energies, are shown. Here
r0 = (3Z/(4πne))

1/3 is the inter-particle spacing, Z is the ion charge and ne the electron
density. Strong-coupling conditions are for Γ > 1. Also shown are the set of conditions
for which μ = 0. The chemical potential, μ, is a decreasing function of temperature, and
zero denotes the lower bound of the region of electron degeneracy. Figures reproduced
from Lee et al. (2003).

of samples. However, the X-ray intensities that can now be achieved at FELs are
sufficiently high for non-linear absorption effects, such as saturable absorption, to
take place. Besides being of interest to the study of fundamental atomic physics
and plasma dynamics, saturable absorption is an important process to consider in
the generation of HED systems because it can reduce the longitudinal gradients in
energy density within samples. In fact, it is becoming increasingly clear that at the
highest FEL intensities, which are also those often used to create HED samples,
photo-excitation, photo-ionization and electron collisional ionization can compete
with atomic recombination rates, such as fluorescence and Auger decay, saturating
absorption channels. This effect is generally welcomed, as the dense plasmas created
tend to be more homogeneous than if the X-ray deposition process were linear. The
reason for this is that as a particular absorption channel starts saturating at the surface
of the sample, more energy can be transmitted through and deposited more deeply,
reducing or eliminating the overall exponentially decreasing energy deposition.

The first experimental proof of saturable absorption at FELs was observed in very
thin Al samples at the XUV FEL FLASH in Hamburg (Nagler et al. 2009). Performed
at a photon energy of 92 eV, the intense 15 fs pulse saturated the L-shell absorption
channel, leading to a large increase in the transmitted signal, and an energy deposition
gradient between the front and rear of the target foil that was deduced to be linear
rather than exponential. Spectroscopy was used to deduce heating to a temperature of
a few eV during the FEL pulse (Vinko et al. 2010), and at later times the sample
was estimated to have thermalized to around 20 eV, sufficient to create a warm-dense
Al plasma (Medvedev et al. 2011). Saturable absorption has since been observed in
a range of systems in the XUV (Yoneda et al. 2009; Inubushi et al. 2010; Di Cicco
et al. 2014).

Given that core hole lifetimes decrease with increasing binding energy, one might
expect it to become increasingly difficult to observe saturable absorption when
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interacting with deeply bound states, such as those pumped by harder X-rays in mid-
and higher-Z elements. In fact, this is not the case. As described by Rackstraw et al.
(2015), at X-ray wavelengths these high-intensity experiments also deposit a large
amount of energy in the samples, heating them to significant temperatures. If this
temperature is sufficient to thermally ionize bound states, the charge state distribution
of the system will naturally evolve over the duration of the pulse and will never
return to the initial state, regardless of core hole lifetimes. Additionally, recombination
processes filling deep core holes predominantly occur from other, shallower bound
states, leading to the generation of new excited or further ionized ion configurations.
If the higher charge states generated through these various processes have lower
absorption cross-sections at a given X-ray wavelength, as is generally the case, the
total absorption in the sample will tend to decrease with increasing X-ray fluence.
It follows that rather than an exception, saturable absorption is a characteristic
phenomenon of high-intensity FEL interactions with matter. Experimentally it has
now been observed in multiple systems and over a range of different conditions, both
at the Linac Coherent Light Source (LCLS) X-ray FEL in California (Hoener et al.
2010; Young et al. 2010; Rackstraw et al. 2015) and on the Japanese X-ray FEL
SACLA (Yoneda et al. 2014).

2.2. Generating warm-dense matter
The idea that intense X-rays from an FEL source could produce HED states in
well-defined conditions via isochoric heating of thin foils was initially proposed over
a decade ago (Lee et al. 2002, 2003), and was recently put to the test in an experiment
at the LCLS X-ray FEL by Lévy et al. (2015). Here, a 0.5 μm thick silver foil was
irradiated and heated by X-rays at a photon energy of 8.9 keV. The target was
designed to be much thinner than an absorption length at this wavelength (∼6 μm),
so as to minimize energy deposition gradients between the front and the back of the
foil. The X-ray pulse was approximately 60 fs long and was focused to a spot size
yielding an intensity of about 5 × 1015 W cm−2. The energy absorption mechanism
of the X-ray pulse in the target was predominantly Ag L-shell photoionization,
although some M- and N-shell photoionization also took place. These processes
occurred during the ultra-short FEL pulse, creating core-ionized and excited electron
configurations, which quickly equilibrated via X-ray fluorescence, and Auger and
collisional processes, leading to a heating of the electron sub-system. The ions, in
turn, remained cold during the X-ray irradiation, and were subsequently heated by
the hot electrons to the equilibrium temperature on the time scales of electron–ion
coupling, on the order of 10 ps (Cho et al. 2011; White et al. 2014). Because of
the difference in equilibration time scales for electrons and ions, the X-ray heating
mechanism was largely decoupled from any ion density gradient in the sample.

The peak temperatures reached in the experiment were deduced via hydrodynamic
simulations to be of 10–15 eV while the sample remained at solid density. At
later times, because of the high internal pressure, the sample expanded into the
surrounding space and cooled, with its evolution dictated by its equation of state. This
expansion was the main observable in the experiment, measured via time-and-space
resolved interferometry, simultaneously on both the front and back surfaces of the
WDM sample. The expansion was observed to be similar on both sides of the foil,
broadly within the margin of experimental error and in agreement with hydrodynamic
calculations. This is the first experimental confirmation of isochoric heating by direct
examination of the sample expansion on the relevant, picosecond time scales, and has
also quantified the temperature uniformity in the longitudinal direction to be within
about 10 % (Lévy et al. 2015).
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2.3. Generating hot-dense matter
The first demonstration of generating HDM with an X-ray FEL from thin foils was
also recently performed on the LCLS, by irradiating a 1 μm thick Al foil (∼1
absorption length) at X-ray intensities up to 1017 W cm−2 (Vinko et al. 2012). In the
experiment, the X-ray wavelength of the FEL was tuned around the various K-edges
of increasingly ionized Al ions, in the range 1460–1800 eV (Cho et al. 2012; Vinko
et al. 2012).

Provided the X-ray photon energy of the FEL is above the ionization threshold
of the ions in the system, the dominant absorption mechanism in the sample is
K-shell photoionization. Below threshold, only L-shell and free-free absorption can
take place, with significantly smaller cross-sections. The various absorption channels
transfer energy from the X-ray pulse to the target, heating it and ionizing it further,
creating a range of ionic configurations with inner-shell vacancies. These unstable
ionic configurations recombine in two ways: radiatively, where an electron fills
the core hole and a photon is emitted, or non-radiatively, via Auger processes,
which further ionize the ion by emitting electrons. In Al, Auger processes dominate,
accounting for over 96 % of the recombination events (Bambynek et al. 1972). As the
Auger electrons have very high collisional cross-sections, very few escape the sample,
and most transfer their energy to the remaining electrons and ions in the system via
collisional processes on ultra-short time scales, so that the energy deposited by the
X-ray beam is efficiently retained in the newly generated plasma. Peak temperatures
approaching 200 eV and electron densities exceeding 5 × 1023 cm−3 were reported,
deduced from detailed atomic kinetics calculations, and consistent with the observed
spectral emission (Vinko et al. 2012).

The plasma was diagnosed via X-ray spectroscopy of the emission generated
from the radiative K-shell recombination process. Despite the relatively small X-ray
fluorescence yield, the Kα emission (photons generated by the 2p–1s transition) for the
FEL-driven sample was observed to be sufficiently strong to record spectra pumped
by a single, sub-100 fs, X-ray pulse. This emission is driven by the FEL pulse, since
the intense X-ray beam is the only significant generator of K-shell core holes, making
the technique very different from normal X-ray (self-) emission spectroscopy (XES).
In fact, this diagnostic has several similarities to X-ray absorption spectroscopy
(XAS) measurements, since the narrow bandwidth of the X-ray pulse (∼0.4 %) will
only be absorbed if a 1s electron can be either excited to some higher-lying bound
state, or ionized. However, unlike XAS, which for a single photon energy yields
only a transmitted intensity, here the absorption process gives rise to inner-shell
radiative recombination in the plasma, providing an entire emission spectrum. The
integrated photon yield of this spectrum is, of course, directly related to the absorbed
energy fraction via the radiation transport function. This measurement is therefore
unique, and by scanning the FEL X-ray photon energies across the various ion energy
levels, the authors reported a measurement of the electronic structure of all the ions
present in the dense plasma, as shown in figure 2. Therefore, this is an extremely
information-rich experimental technique for dense plasma studies, and shows great
potential for future investigations.

3. Ionization potential depression
The ionization potential depression (IPD) of ions in a plasma due to their interaction

with the environment is a fundamental component of dense plasma studies, as the
ionization thresholds are needed to specify all ionic binding energies within the
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FIGURE 2. X-ray-driven emission spectroscopy. By pumping a hot-dense plasma with
intense, narrow-bandwidth X-rays, the electronic structure of ions immersed in a dense
plasma can be investigated on ultra-short time scales, via X-ray-driven Kα emission
spectroscopy. The ions will only emit Kα photons if the X-ray pulse from the FEL can
ionize or excite a 1s electron and create a K-shell hole. Therefore, emission will be
observed for each ion only if the X-ray photon can drive a transition from the 1s level
to some other available free state, allowing the states to be experimentally mapped in
energy, as shown here for an Al plasma (Vinko et al. 2012). Bound–bound transitions can
be observed as islands in the emission spectrum; here these correspond to the resonantly
driven 1s–2p transitions (Cho et al. 2012). Photoionization corresponds to driving the
1s electrons into some state in the continuum. Such transitions will yield broadly flat
emission intensities over an extended range of FEL wavelengths, observed experimentally
at higher FEL photon energies. Data in figure taken from Cho et al. (2012) and Vinko
et al. (2012).

system. This is essential for determining virtually every property of partially ionized
plasmas, from the ionization balance and absorption cross-sections, to the plasma
equation of state, the temperature and the emission spectrum. While it underlines so
many plasma properties, extracting accurate IPDs from experimental observations in
hot-dense plasmas prior to the advent of X-ray FELs had proved to be extremely
challenging, in part because of difficulties in creating well-defined WDM and HDM
conditions, and in part because of a lack of experimental techniques capable of
tracking ionization thresholds with sufficient accuracy. The IPD is most significant
in conditions of both high density and high ionization (temperature), so it is clearly
crucial for the correct description of HDM systems, but it is also essential for WDM,
even though the degree of ionization is much lower and the absolute IPD energies
are small (Fletcher et al. 2013, 2014).

The ability to measure the electronic structure of ions in hot plasmas at a known
ion density (and structure) has proved to be crucial for the investigation of the physics
of continuum lowering in these extreme conditions. As can be seen from figure 2,
alongside bound–bound resonant features, the experimental data from the LCLS
campaign show clear emission thresholds as a function of FEL photon energy, with
near-constant emission intensities above them. At least for the first several charge
states, Ciricosta et al. (2012) identified these thresholds as the K-edges of Al ions
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FIGURE 3. Experimental measurement of the ionization potential depression.
Experimentally measured K-edges for Al charge states 3–7 (dark grey, width indicates
the full extent of the K-edge) in a hot-dense plasma, compared with the K-edges for
isolated Al ions (no plasma, dashed lines), and two IPD models: the Stewart–Pyatt model
(blue) and a modified version of the Ecker–Kröll model (red). The energies of atomically
bound L- and M-shell states with respect to the K-shell are also shown; the M-shell is
seen to be pressure-ionized (binding energy is less than the IPD) for all charge states
within the EK model, and up to charge states 6 or 7 in the SP model. Figure reproduced
from Ciricosta et al. (2012).

embedded in the solid-density plasma, and could therefore extract the experimental
IPDs in these conditions, for the first time.

The IPD measurements at the LCLS proved to be particularly interesting, not only
because they were the first measurement of this kind but also because the results
disagreed by a considerable margin with the predictions of the most commonly used
models for dense plasmas, such as the Zimmerman & More (1980) ion sphere model,
or the commonly used model of Stewart & Pyatt (1966) (SP). Instead, a modified
version of a model put forward by Ecker & Kröll (1963) (EK) (where the leading
constant in the expression was replaced by unity: see Ciricosta et al. 2012, Preston
et al. 2013), was found to reproduce both the experimental edges, and the full range
of emission spectra shown in figure 2. A comparison between the experimental edges
and the prediction of the models is shown in figure 3, reproduced from Ciricosta et al.
(2012). The experimental edges, indicated in dark grey in the figure, correspond to
the observed emission thresholds, which are much lower than those predicted by the
SP model for all charge states, indicating that larger IPDs are needed to explain the
experimental results.

Recently, experiments at the Orion laser at AWE in the United Kingdom have also
attempted measurements from which the IPD could be extracted, on small Al dots
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buried in plastic or diamond (Hoarty et al. 2013a,b). These dots were compressed to
several times solid density and heated to temperatures up to 700 eV by both short-
and long-pulse optical laser beams. The plasma conditions produced by this method
at the Orion laser were more weakly coupled compared with those generated at the
LCLS via X-ray isochoric heating, but the result is worth mentioning in this context
because the IPDs deduced from this experiment were seen to lie about halfway
between the predictions of the EK and SP models, agreeing with neither within the
quoted experimental error.

In light of the failure of the popular SP model to reproduce the measured results
in the conditions of either experiment, and the somewhat enigmatic success of
the EK model in reproducing the LCLS data, a renewed interest in the topic
from the theoretical point of view has emerged, highlighting the need for a much
better treatment of density effects in strongly coupled plasmas. Crowley (2014)
has argued that at least two different IPDs must be used in considering a plasma,
a thermodynamic IPD to describe equilibrium phenomena (such as the equation
of state), and a non-equilibrium, spectroscopic IPD to describe processes such as
photoionization, and, as a consequence, the experimental results from the LCLS
described above. This approach yields an improvement over the predictions of the
Stewart–Pyatt model when applied to the conditions of both the LCLS and the Orion
experiments. Son et al. (2014) have developed a two-step Hartree–Fock–Slater model,
which they claim also yields a better agreement with both the Orion and LCLS
results. Vinko, Ciricosta & Wark (2014) have conducted a finite-temperature density
functional theory (DFT) study of the electronic structure of ions in a dense plasma
with a view to investigating the effect of continuum lowering. In this work, the
electronic structure and the K-edges for the various charge states were seen to agree
very well with the LCLS experiments; however, the authors were unable to reach
the conditions of the Orion experiments due to the difficulty in using DFT methods
at high temperatures. The results from these models are shown alongside the LCLS
measurements in figure 4. Most recently, Calisti, Ferri & Talin (2015) have presented
an IPD model based on classical molecular dynamics. While they have yet to perform
calculations in the conditions of the experiments described here, their initial results
indicate IPD values in between those of SP and EK.

The disparity of IPD calculations points to several important deficiencies in the way
dense plasmas are currently modelled. In particular, a clear cut-off in the energy of
the bound state partition function is, in general, too crude an approximation to model
the depression of the ionization potential due to high density. Worse still, it entirely
ignores the fundamental mechanism by which the continuum forms in dense systems
at energies which would otherwise correspond to bound states in isolated ions: the
overlapping of valence wave functions giving rise to a non-zero probability of finding
an electron at some later time far from the ion from which it originated. This is,
in the zero-temperature limit, simply the tight-binding theory of band formation, a
continuous process, which complicates the definition of a free or bound electron, and
of ionization in a dense plasma in general. Dharma-wardana & Perrot (1992) were the
first to discuss some of these effects, and their importance in dense plasmas, via the
neutral-pseudoatom model with an ion correlation sphere. Today, modern spherically
symmetric, average-atom models have the ability to address many of the complications
arising from density effects in dense, partially ionized plasmas, but several difficulties
remain in the systematic treatment of the transition between fully bound and free
states, and in the determination of a meaningful mean plasma ionization (Murillo
et al. 2013). Recently, Vinko et al. (2014) performed fully three-dimensional DFT
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FIGURE 4. Comparison of IPD models. The IPD models of Stewart & Pyatt (1966),
Ecker & Kröll (1963), Crowley (2014), Son et al. (2014) and Vinko et al. (2014) are
compared with the experimental results by Ciricosta et al. (2012) obtained on the LCLS.
Good agreement between all the models and the data within the experimental uncertainty
can only really be found for the ground state (Al 3+) even for the relatively simple Al
plasma, exemplifying the current difficulties in the theoretical treatment of density effects
in strongly coupled plasmas.

calculations of the electronic structure in a partially ionized dense plasma, accounting
for a realistic ion and charge distribution, and treating bound and free valence
electrons equally. As shown in figure 5, the calculations show good agreement with
the experimental measurements from the LCLS campaign, and the authors claim to
match all measured edges to within the experimental error. However, the calculations
remain limited to relatively small, simple systems, and the computational cost of
extending them to a wider range of plasma conditions remains prohibitive.

While improvements in modelling the effect of high density on atomic states are
certainly required, it seems unlikely that the current challenges will be solved by
theoretical work alone, and further experimental effort, both on X-ray FELs and other
facilities, will be crucial in guiding computational and theoretical investigations.

4. Outlook
Further experimental results on the ionization potential depression in Si, Mg, and

their compounds, have been reported recently by Ciricosta (2014) and are expected to
be published soon. While the interpretation of the experimental results is still being
debated (e.g. see Iglesias & Sterne 2013; Iglesias 2014), as are the methods used to
model these effects in codes dedicated to simulating dense plasmas, there now exists
for the first time a clear set of comprehensive experimental data from a well-defined
hot-dense plasma, with which codes and models can be compared and benchmarked.
In this context, further experimental data using X-ray FELs, comprising a more
extended set of materials and temperature–density conditions, will undoubtedly help
further our predictive and modelling capabilities for this key plasma property.

Few experimental investigations dedicated to generating high-Z hot-dense plasmas
have been conducted so far on X-ray FELs, and initial results indicate that much
higher intensities may be needed to drive non-linear processes similar to those
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FIGURE 5. Electronic structure of ions in a dense plasma. Density functional theory
calculations of core-excited Al configurations in plasmas at finite temperatures (Vinko et al.
2014) can provide a theoretical basis for investigation of the electronic structure of ions
embedded in a dense, strongly coupled plasma with minimal assumptions. The calculated
density of states (left) providing the structure and position of the continuum is seen to
agree well with charge-state-resolved measurements (right) recently performed at the LCLS
(Vinko et al. 2012), shown here for lines IV in (a) and line VII in (b), corresponding to
charge states 3+ and 6+, respectively. The sharp lines at lower energies in the density of
states correspond to the 2s and 2p orbitals in ion charge states 4+ and 7+, respectively.

observed on lower-Z elements such as Al (Yoneda et al. 2014). Such high-Z systems,
while very important from a physical point of view, may also be harder to make and
study using the spectroscopic techniques presented above, for several reasons. Firstly,
atoms with higher atomic number contain many more electrons, and the core states
are more strongly bound, so that more energy is required for significant ionization.
There are also many more weakly bound electrons, for which very different charge
states can produce similar and overlapping emission spectra. Further, inner shell
(K or L) spectroscopic techniques require much higher photon energies to generate
core holes in high-Z elements, a process which generates higher-energy Auger and
photoemission electrons that are in turn less likely to thermalize within the small
plasma volume. Isochoric heating via core-state photo-absorption with increasingly
harder X-rays is also less efficient because of higher energy losses due to radiative
recombination (the probability of radiative recombination between two energy levels
grows with their energy separation). Some of these issues may be mitigated by using
higher drive X-ray intensities. The peak intensities generated so far on X-ray FELs
are in the region of 1020 W cm−2, achieved by focusing to spot sizes a few tens of
nanometres across (Mimura et al. 2014). Although these intensities are very promising
for a range of (non-linear) studies, at some point electron losses during the collisional
thermalization process, due to hot electrons escaping the small plasma, may become
important, placing a limit on their usefulness for creating homogeneous HDM states.

It is important to note that isochoric heating experiments performed with a single
X-ray FEL pulse are limited to the study of ion densities of materials in their ground
state. Future work involving X-ray pump–probe configurations, or coupling X-ray
FELs with intense optical lasers, will be needed to investigate plasma systems at
different densities and at temperatures beyond those currently reachable on FEL
facilities by X-ray heating alone. These are perhaps the most promising future
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developments, and should significantly advance our capabilities for studying the
evolution and dynamics of dense plasma systems.

5. Conclusions

The isochoric heating of foils to warm- and hot-dense matter conditions with FEL
radiation is now an established technique capable of creating extreme and exotic
states of matter in well-defined conditions of temperature and density on inertial
confinement time scales. Warm-dense matter states in Ag plasmas at solid density
and temperatures of 10–15 eV have now been demonstrated with a thermal gradient
of as little as 10 % (Lévy et al. 2015), and homogeneous hot-dense plasmas at
temperatures approaching 200 eV have been observed in micron-sized Al samples
(Vinko et al. 2012). These apparently very different conditions have been created
by the same isochoric heating process, the only variation being the wavelength and
focusing of the FEL beam, illustrating how a vast range of parameter space can now
be accessed to investigate specific questions regarding the behaviour of dense plasmas
in strong-coupling conditions. Encouragingly, the high X-ray intensities required to
generate the highest energy-density systems invariably drive non-linear processes
in the samples under investigation. Such processes, as was shown in the case of
saturable absorption, can be very beneficial to/for the homogeneity of the sample
in isochoric heating, but a detailed understanding of the interaction dynamics of the
intense X-ray pulse with the sample is required to exploit this capability in full.

The first investigations of plasma properties of mid-Z elements have been performed
on the LCLS using novel spectroscopic techniques, and have yielded the first
measurements of continuum lowering, resolved by charge state, in a 100–200 eV
solid-density Al plasma (Ciricosta et al. 2012). These measurements were made
possible by the bright, narrow-bandwidth X-ray pulse, which allowed for the
determination of the K-edges in a range of Al charge states to within a few eV,
providing by far the most stringent constraint to date on IPD models in HED
systems. Perhaps unsurprisingly, the measurements have revealed the extent to which
many currently used models fail to describe ionization energies in a dense plasma
appropriately – a critical property for any system – with repercussions for its equation
of state (Fletcher et al. 2014), transition rates and collisional ionization rates (Vinko
et al. 2015). It should be noted that on the theoretical side, the increased effort in
modelling continuum lowering has not, so far, led to a unique picture of the ionization
dynamics in the challenging WDM and HDM regimes, with a plethora of available
models yielding significantly different predictions (see figure 4). In this context, a
strong need is emerging for modelling capabilities which can bridge between the
accurate but expensive multi-centred Kohn–Sham DFT calculations, and the much
more efficient self-consistent average-atom models, combining some level of accuracy
and completeness of the former with the speed and scalability of the latter.

Current and future experimental platforms at X-ray FELs, in conjunction with
computational and theoretical advances, present a truly unprecedented opportunity to
further our understanding of matter in extreme conditions at the microscopic level.
By providing insight into its elementary interactions, structure and dynamics on
the relevant spatial and temporal scales, these investigations afford the potential to
address outstanding questions in a range of fields from fundamental plasma physics
and astrophysics to inertial confinement fusion research.
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