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Non-thermal evolution of dense plasmas driven by
intense x-ray fields
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The advent of x-ray free-electron lasers has enabled a range of new experimental investi-

gations into the properties of matter driven to extreme conditions via intense x-ray-matter

interactions. The femtosecond timescales of these interactions lead to the creation of tran-

sient high-energy-density plasmas, where both the electrons and the ions may be far from

local thermodynamic equilibrium. Predictive modelling of such systems remains challenging

because of the different timescales at which electrons and ions thermalize, and because of

the vast number of atomic configurations required to describe highly-ionized plasmas. Here

we present CCFLY, a code designed to model the time-dependent evolution of both electron

distributions and ion states interacting with intense x-ray fields on ultra-short timescales, far

from local thermodynamic equilibrium. We explore how the plasma relaxes to local ther-

modynamic equilibrium on femtosecond timescales in terms of the charge state distribution,

electron density, and temperature.
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Experiments carried out at x-ray free-electron lasers (FELs)
over the past decade have shown how intense x-ray fields
can produce well-characterised plasmas at high tempera-

tures and densities via isochoric x-ray photoabsortion1–4. This
approach has proven valuable in providing access to physical
properties and atomic processes in warm dense matter, of
importance to applications across plasma physics5–7, astrophysics
and planetary studies8,9, and fusion energy science10. Experi-
mentally, the systems produced are typically studied via x-ray
emission or inelastic scattering spectroscopy2,11, while the theo-
retical description is provided by time-dependent atomic kinetics
calculations4,12.

Because of the short pulse duration of FEL x-ray sources, on
the order of 100 fs, the time evolution of the ionisation and ionic
charge state populations must be modelled directly via collisional-
radiative rate equations, and local thermodynamic equilibrium
(LTE) cannot be assumed – such models are thus called non-LTE.
In contrast, these same timescales are typically long for the
purposes of electron equilibration, and the free electron dis-
tribution is often modelled using a Maxwell-Boltzmann dis-
tribution function at some evolving (but instantly equilibrating)
electron temperature and density. Being able to replace the time
evolution of the full electron distribution function by a time-
dependent temperature and density is convenient computation-
ally as it leads to a substantial simplification in modelling
complexity, but it also carries significant physical implications.
For one, the shape of the electron distribution determines mul-
tiple properties that govern the evolution of the atomic kinetics,
including photoemission and collisional ionisation rates; these
can be altered significantly by non-thermal electron distributions.

The importance of properly accounting for electron equili-
bration dynamics was demonstrated in early ultrafast experi-
ments at the FLASH FEL with XUV pulses a few tens of fs in
duration. There, the electron relaxation time was comparable to
the typical lifetime of radiative decay, leading to fluorescence
emission from a seemingly cold (non-equilibrated) distribution,
alongside a bremsstrahlung emission spectrum arising from the
non-thermal electrons consistent with a 20-times higher effec-
tive temperature13,14. The contribution from non-thermal
electrons to the total emission spectrum is amplified in such
experiments due to the combination of low-energy XUV pho-
toexcitation (<100 eV) and short pulse lengths. In contrast,
similar effects are expected to be less important at harder x-ray
photon energies (>1 keV) and for typical x-ray pulse durations
of 60–80 fs1,15. Nevertheless, experimental access to both high
x-ray intensities and ultra-short pulse lengths (<10 fs) will
undoubtedly lead to novel x-ray matter interaction regimes
where non-thermal electron dynamics dominates the plasma
evolution, even on x-ray emission and scattering timescales.
This poses a challenge to established modelling approaches, but
also provides new opportunities to study ultrafast electron
equilibration in a hot-dense plasmas experimentally in situ.

The effect of non-thermal electrons in extreme conditions can
be modelled in various ways, and efforts have been made in both
x-ray Thomson scattering16 and x-ray emission spectroscopy
investigations via non-thermal atomic kinetics17. A kinetic
modelling addition to the particle-in-cell (PIC) simulation suite
PICLS18,19 allowed for the inclusion of self-consistent radiation
transport, photoionization and Auger electron transport, enabling
a full kinetic simulation of XFEL-driven plasmas20. While PIC-
based models are very capable in capturing the evolution of the
electron distribution in time and in space, they lack the full
predictive capability for detailed x-ray emission spectroscopy. In
contrast, non-thermal collisional-radiative codes deploying
Fokker-Planck17,21 or Boltzmann solvers22 to treat non-
Maxwellian electrons are able to treat a vast number of ionic

charge configurations, essential for predicting x-ray emission, and
allow us to investigate the effect of non-thermal distributions on
spectroscopic experiments at FEL facilities.

It is in this context that we present CCFLY, a non-thermal,
non-LTE collisional radiative code, designed to model the time-
dependent evolution of of both electron distributions and ion
states interacting with intense x-ray fields on ultra-short time-
scales. The code is an evolution of the SCFLY suite12,23, itself
based on the FLYCHK code24, which has proven successful in
modelling and interpreting an array of x-ray FEL experiments
over the past decade4. CCFLY allows us to model the plasma
evolution by tracking arbitrary electron distribution functions
during the atomic-kinetics calculation, foregoing the need to
assume a Maxwellian distribution for the free electrons. More
precisely, the Fokker-Planck numerical framework is used to
describe the evolution of the electron distribution during the
elastic electron-electron collisions and account for the electrons
released or absorbed during inelastic electron-ion interactions. A
self-consistent method is deployed to compute the density and
energy balance of the free-electron population together with the
ion population dynamics in a partially ionised dense plasma.
Thus, it becomes possible for us to investigate ionisation
dynamics in both equilibrated and non-equilibrated systems at
high density. We note here that while CCFLY tracks the time-
evolution of the electron distribution and of the ionic charge
states, it does not explicitly take into account the motion of ions.
As is normally the case in atomic-kinetics modelling, there is no
molecular dynamics, and the ions have no associated kinetic
energy (and thus no temperature). This is adequate to describe
the evolution of x-ray-irradiated samples on femtosecond time-
scales, but starts to break down as the ions are heated. However,
ion heating takes place on longer picosecond timescales, normally
dictated by electron-phonon coupling dynamics25–28.

We use CCFLY to study the effect of non-thermal electrons in
Al and Mg plasmas irradiated by soft x-ray pulses with char-
acteristics achievable at current x-ray FEL facilities. We study
both normal isochoric heating experimental setups, where the
x-ray photon energy is chosen to be higher than the ionisation
threshold of several ionic charge states, and resonant pumping
configurations where the x-ray pulse is tuned to a specific bound-
bound atomic resonance. In both cases we find that non-thermal
electron processes become important for short pulse durations
and at high intensities. We quantify the regimes for which
instantaneous thermalisation assumptions hold, and provide a
more rigorous justification for the modelling assumptions
employed in previous x-ray spectroscopy experiments at the
Linac Coherent Light Source (LCLS)1,4,5,15,26,29–36. In particular,
we aim to provide a rigorous evaluation of non-thermal electron
effects on x-ray isochoric heating experiments where electron
temperatures typically reach 50–200 eV. Because solid-density
metals predominantly have Fermi energies of <10 eV, this regime
justifies the use of classical statistics for all but the earliest times in
the x-ray-matter interaction process, which in turn allows for a
direct comparison with previous simulation work. The inclusion
of Fermi-Dirac statistics for the accurate modelling of tempera-
tures below ~10 eV will be the subject of future work.

Results
The atomic kinetics collisional-radiative modelling approach is a
well-established way to track the evolution of the charge states in
the plasma as it interacts with intense x-ray fields37. The model is
zero dimensional, and assumes ions in various ionisation states
interacting with a classical free electron gas (the ionised free
electrons), the density of which is constrained by the requirement
for the overall plasma to be charge-neutral. The transitions
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between various ion states are driven by electron collisional and
atomic processes, but are also mediated by the x-ray photon field.
The evolution of the system is described in terms of the changes
in the relative population density of each ionic charge state, and
in the distribution function of the free electrons. More details on
the theory used for the simulations are provide in the Methods
section.

We used superconfigurations to represent the states in our
atomic kinetics modelling, and a more detailed relativistic con-
figurations atomic model for the spectral synthesis. The energy
levels, statistical weights, and radiative data required to produce
the frequency-dependent emissivities and opacities were calcu-
lated using the DHS code38. Population distributions of relati-
vistic configurations belonging to a super-configuration (or to a
super-shell) were determined by Boltzmann statistics as a func-
tion of electron temperature4,24,39.

The effect of continuum lowering, where the binding energies
of atomic states are lowered due to high electron and ion density,
is accounted for in the atomic kinetics calculation via an ionisa-
tion potential depression (IPD) model. While the CCFLY code
supports multiple IPD models, for the simulations presented here
we have used the Ecker-Kröll model40 to make the results directly
comparable to previously published work.

In the following we call the model thermal if we assume that
the electron distribution function is Maxwellian, uniquely
described by some electron density and temperature. When
energy enters the system, for example via x-ray photoabsorption,
the temperature and density are instantaneously equilibrated at
each time step. In contrast, if a thermal electron distribution
cannot be assumed, then the change in the electron distribution
needs to be modelled explicitly for all electron energies. To
accomplish this we use the Fokker–Planck model. We refer to this
situation as the non-thermal case. Note that the ion population is
never assumed to be thermal, and the time-dependent modelling
of the charge state evolution is non-LTE for both the thermal and
non-thermal simulation approaches.

Non-thermal electrons in x-ray isochoric heating. The CCFLY
code allows us to investigate the detailed evolution of the electron
distribution function in an isochoric heating experiment at an
x-ray FEL. In particular, we are interested in exploring what role
non-thermal electrons play in the atomic kinetics of the system,
and wish to assess the range of validity of the instantaneous
electron thermalisation assumption commonly used in the
modelling and in the interpretation of experimental results.

From optical laser-plasma experiments it is well known that
even small fractions of hot, non-thermal electrons can signifi-
cantly alter the emission spectrum from a plasma source41,42.
However, unlike in optical laser-plasma interactions where
electrons with energies ranging from several 10’s of keV to
MeV can be created relatively efficiently thought various laser-
plasma acceleration mechanisms, here the hot electrons are
created purely by atomic processes within the plasma volume.
Our hot electron distribution is thus well defined in space, time,
and energy, but is also far less energetic – limited to 1–2 keV in
Al. Being able to identify the energy of the non-thermal electrons
directly from the underlying atomic physics largely replaces the
need to assign a second temperature to the suprathermal tail of
the electron distribution, an approach popular in laser-plasma
interaction studies.

To unravel how such relatively low-energy hot electrons affect
the emission spectrum, we start by modelling the heating process
of a thin Al foil irradiated by x-rays at a photon energy of
1590 eV. This energy was deliberately chosen to be above the Al
K-edge (1560 eV) so that the dominant absorption mechanism is

K-shell (1s) photoionization. The x-ray pulse is chosen to be a
Gaussian in time with a FWHM duration of 40 fs, and has a
spectral bandwidth of 0.4%, typical of a SASE FEL pulse. Four
different intensities are compared, between 2.5 × 1015Wcm−2

and 2.5 × 1018Wcm−2, depositing an ever increasing amount of
energy into the target. Experimentally, these intensities would be
realised by focusing the x-rays to various spot sizes: focusing the
beam to a spot of a few micron in diameter typically yields
intensities in region of 1017Wcm−2 and can be readily achieved
on most XFEL facilities.

We show the evolution of the electron density in Fig. 1,
where we compare the results of the thermal and non-thermal
models side by side. Snapshots in time of the same electron
distribution are shown in Fig. 2. The x-ray pulse peaks in
intensity in the middle of the simulation window, at 40 fs. The
thermal simulations simply show a Maxwellian distribution
that gets increasingly hotter in time over the duration of the
excitation pulse. More deposited energy leads to increasing
ionisation, and thus the free electron density also increases over
time. The temperatures and densities are higher for higher
irradiation intensities, since more energy is deposited into
smaller volumes, as expected. The electron distribution
function for the non-thermal simulation is visibly different,
and can be divided into two components. The first is the bulk
part of the free electron distribution, lying at lower energies.
This assumes a near-Maxwellian shape because the electron
thermalisation time is short even on the 100 fs timescales used
here (see “Methods” section on the elastic collisional therma-
lisation model). This bulk component is largely equilibrated,
and grows in prominence as the x-rays are absorbed and the
sample heats. At higher energies, however, we can see a large
energy spread over which non-thermal electrons can be found.
These are mostly created by the equilibrating hot electrons
generated in the x-ray-matter interaction process, and sub-
sequent atomic kinetics. Two main sources of quasi-mono-
energetic hot electrons can be identified: a feature at due to the
photoionization of the Al L-shell electrons (at ≈1520 eV), and a
feature due to the Auger KLL process (at ≈1420 eV) that
efficiently fills a K-shell core hole. Both features can be readily
seen in Figs. 1 and 2, but are clearest at the lowest intensities.
They are harder to discern at high intensity because their
relative populations, compared with the bulk free-electron
distribution, decreases with intensity.

Figure 1 shows the density distribution on a logarithmic scale,
and thus amplifies the non-thermal signature. But for the
underlying physics, what matters most is the relative contribution
of the quasi-thermalized component of the electron distribution
in driving the atomic kinetics, compared with the non-thermal
hot electron population. To examine this, we plot the populations
for ionic charge states 3+ to 10+ in Fig. 3, in both the thermal
and non-thermal case. We immediately note that the results are
comparable: the charge state populations do not change
dramatically under the instantaneous thermalisation approxima-
tion, validating this common assumption. Nevertheless, we do see
a lag in the time at which certain charge states peak in the
population distribution between the thermal and non-thermal
calculations. In particular, we note that lower charge states in the
more detailed non-thermal calculations tend to appear later in
time compared with the thermal prediction, whereas higher
charge states appear earlier in time. This is primarily due to the
mechanism through which these charge states are created. The
lower charge states are more efficiently generated via collisional
ionisation processes driven by the bulk free electrons; these
electrons heat up faster in the thermal calculation as all energy is
placed into the thermal distribution instantaneously, whereas in
the non-thermal case the bulk temperature rises more slowly as
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the energy needs to be transferred from the highly energetic
photoionization and Auger electrons. In contrast, the higher
charge states require substantially higher temperatures to be
collisionally ionised, and are thus more efficiently created via

collisional interactions with the non-thermal electrons. Even if
there are fewer of them available, they have sufficient energy to
play an important, and possibly dominant role, in the dynamics
of collisional ionisation.

L-shell

Fig. 1 Thermal and non-thermal evolution of the electron distribution in Al irradiated by x-rays at 1590 eV. Non-thermal electrons generated from
photoionization and Auger processes can be readily observed at higher energies in the non-thermal simulations, but are absent when assuming
instantaneous thermalisation. The overall degree of heating is similar in the two cases.

Fig. 2 Snapshots in time of the electron distribution function shown in Fig. 1. The x-ray photon energy is 1590 eV in all cases. Because the non-thermal
electrons are being continuously created by the FEL we observe a weak yet persistent tail in the distribution, which disappears only when subsumed by the
thermal part of the distribution.
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In an experiment one cannot normally measure individual
plasma charge state populations. However, these populations can
be inferred via x-ray emission spectroscopy of Kα satellite lines,
when the sample is excited by x-rays above the relevant ionisation
thresholds1,43. For charge states photo-pumped below their
ionisation threshold, the appearance of emission lines can be
instead indicative of collisional ionisation processes, and thus
used to measure collisional rates33. For this measurement to be
reliable, however, the bulk free electrons must be the dominant
contributor to collisional ionisation, and the contributions from
non-thermal electrons should be small.

We investigate the contribution of non-thermal electrons to the
total Kα emission spectrum in Fig. 4. The x-ray photon energy is
set just above the K-edges of the first two charge states, but below
the ionisation threshold of higher charge states. Thus only the
first two charge states can be revealed directly via Kα emission
spectroscopy. While higher charge states are still present in the
plasma, as illustrated in Fig. 3, their 1s states cannot be photo-
ionised and they therefore cannot relax emitting a Kα photon.
Despite this, emission from higher charge states can still be
observed, because of electron collisional ionisation of the L-shell
in the presence of a K-shell hole36. Non-thermal electrons affect
the emission spectrum in two key ways. Firstly, because the
equilibration of photoionization and Auger electrons is the main
heating channel of the bulk free-electron distribution, non-
thermal electrons help determine the equilibration timescales and
drive the evolution of the charge state population towards LTE.
These evolving populations ultimately determine the emission

intensity of charge states pumped above their K-edge thresholds.
The second mechanism applies to charge states that are pumped
below their K-shell ionisation threshold. These are primarily
driven by collisional ionisation of the L-shell electrons, which can
be either due to the bulk electrons at some average temperature
kBT ≈ 100 eV, or to the non-thermal electrons at a much higher
energy (typically > 10 × kBT). Higher electron energies are more
efficient at L-shell ionisation, and so a system with a large non-
thermal electron population and relatively cold bulk distribution
will lead to more collisional ionisation, and consequently to more
intense emission from higher charge states. We see this play out
in the panels of Fig. 4. Because the x-ray pulse length is relatively
long compared with the electron relaxation timescale, the thermal
and non-thermal modelling predict very similar intensities for the
first two emission lines. The charge state population is very close
to LTE for intensities up to ~1018Wcm−2, and the intensity of
the first two lines is simply a reflection of the population of those
charge states modulated by the temporal intensity of the x-ray
pulse: the second charge state is most prominent at irradiation
intensities of ~1016Wcm−2, and decreases for lower (insufficient
heating) and higher (too much heating) intensities. We note a
slight difference in the intensity of the second line at the highest
intensities: here the charge state is swept through very quickly,
and the instantaneous thermalisation assumption starts to
break down as it underestimates the time needed to establish
LTE in the plasma distribution. The emission intensity of higher
lines (VI and above) shows a considerably stronger dependence
on the x-ray intensity. For intensities up to several times 1016

Wcm−2 the thermal and non-thermal predictions match,

Fig. 3 Effect of non-thermal electrons on the charge state populations in
Al. The time evolution is computed for an x-ray photon energy of 1590 eV,
a constant pulse duration of 40 fs, and for various pulse energies. This
corresponds to a range of x-ray intensities on target.

Fig. 4 Effect of non-thermal electrons on the emission spectrum of Al.
The sample is irradiated by x-rays at 1590 eV at various peak intensities. At
this photon energy the emission lines IV and V can be pumped directly via
K-shell photoionization, while lines VI to VIII emit because of collisional
processes. Discrepancies in the spectra start to appear at intensities above
1017Wcm−2.
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indicating that the L-shell ionisation process described above is
indeed dominated by quasi-thermal bulk free electrons. Above
this, the number of non-thermal electrons remains sufficiently
high to more than double the effective ionisation rate, indicating a
stark departure from LTE collisional dynamics.

The results shown in Fig. 4 are for a single x-ray intensity, and
are thus not directly comparable with experimental results that
are measured over a broad range of x-ray intensities. However,
the average experimental intensity (rather than the often quoted
peak intensity) is indicative of the overall irradiation regime, and
can be linked to the discussion above. Average intensities typically
achieved at the LCLS FEL, such as those fielded for the work on
collisional ionisation presented in refs. 33,36, is on the order of
1016Wcm−2.

The effect of x-ray pulse length. We have seen that for a given
x-ray pulse duration, the effect of focusing the x-ray beam to
achieve increasing intensities is to increase the relative con-
tribution of non-thermal electrons to the evolution of the plasma,
and thus to the observed emission spectrum. We now turn our
attention to the effect of pulse length. Changing the pulse length
is another way to change the intensity on target, but it adds an
additional layer of complexity because the pulse duration also
gates the observation timescale of the system. This is primarily
because we only observe x-ray emission in the Kα window when
1s electrons can be ionised, and the overall temperatures reached
in a typical microfocusing experiment ( ≈ 100 eV) are insufficient
to drive collisional K-shell ionisation to any notable extent. Thus,
emission is only observed during the x-ray pulse, and for a short
time after depending on the femtosecond core-hole lifetime. By
changing the duration of the x-ray pulse, while maintaining a
constant pulse energy, we thus not only modify the x-ray intensity
seen by the plasma, but also change the period over which we
view the evolution of the charge state distribution. We show the
simulated results for a Al plasma in Figs. 5 and 6. For these
simulations we have assumed a pulse energy of 1 mJ, and a
spotsize on-target of 12 μm2, so that a pulse length of 80 fs cor-
responds to an x-ray intensity of about 1017Wcm−2. These are
typical values achievable at FEL facilities today1. The pulse energy
is then kept constant, and the pulse duration lowered down to
8 fs.

For the longer pulse lengths of 40 and 80 fs we see little
difference in the computed emission spectrum for the thermal
and non-thermal cases, and a lag in the creation of various charge
states analogous with that described in the previous section. In
these cases, the observation window is sufficiently long for the
evolution of the change state populations to agree well with the
assumption of instantaneous electron thermalisation. The overall
population of the L-shell states is collisionally driven by the
equilibrated bulk free electron distribution, and the charge states
evolve as if in near-LTE for each point in time. For pulse
durations of 20 fs and less, these assumptions start to break down,
and the calculated spectrum assuming instantaneous electron
thermalisation underestimates the emission intensity.

Non-thermal electrons in resonant spectroscopy. Recently, van
den Berg et al. proposed driving a resonant 1s→ 2p transition in
Mg to measure collisional ionisation rates in dense plasmas36.
The principle is straightforward: an x-ray pulse from an FEL is
tuned to resonantly drive a specific inner-shell Kα transition, and
a spectroscopic measurement is performed to look for emission
from neighbouring Kα emission lines. Because of the narrow
bandwidth of the FEL beam, the x-ray pulse can only excite a
single Kα line, and so the observation of multiple lines is indi-
cative of L-shell collisional processes taking place during the

lifetime of a K-shell core hole. This method thus allows for a
measurement of an ultra-fast collisional ionisation rate. However,
the real objective is not so much to infer a rate, but rather to
measure a collisional cross section. This can be accomplished
using the expression in Eq. (1), under the caveat that the colli-
sions are predominantly due to an interaction of the ion with the
bulk free-electron distribution at some known temperature and
density. But if the electron distribution is non-thermal, then it is
easy to see that the cross section cannot uniquely be extracted
from the integral expression of Eq. (1). Estimating the effect of
non-thermal electrons is then important to guide the reliable
interpretation of such experiments, especially since we have
shown that the contribution of non-thermal electrons can be
significant at high x-ray intensities, or for short x-ray pulse
lengths.

For this investigation we set our simulation parameters to match
the conditions of van den Berg et al.36: an optically thin Mg plasma
at solid density is pumped at a photon energy of 1304 eV,
corresponding to the resonance energy of the 1s→ 2p transition
energy in a 7+ Mg ion. At the nominal pulse duration of 60 fs the
intensity on target is 1017Wcm−2. The collisional dynamics of
interest take place at electron densities ~3 × 1023 cm−1 and
temperatures of ~80 eV. We show the evolution of the ionic
populations as a function of time, using the thermal and a non-
thermal models, in Fig. 7. The related emission spectra are shown
in Fig. 8. Here we see that the assumption of instantaneous
thermalisation holds well for nominal pulse durations, above
~30 fs, providing a more rigorous justification of the assumptions

Fig. 5 Thermal (solid) and non-thermal (dot-dashed) evolution of the
charge state populations in Al. The sample is irradiated at a constant
energy, but with different pulse lengths giving rise to different intensities on
target.
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made in the work on collisional ionisation rates. For shorter pulse
durations the contribution of non-thermal electrons starts to
become significant, and even dominant for pulse lengths below
10 fs. For these short pulses, modelling the full evolution of the
electron distribution function becomes essential to produce atomic
kinetics simulations with predictive capability.

When pumping a bound-bound transition on resonance the
final ionisation state of the system depends strongly on the
intensity of the x-ray irradiation, not just on the total energy in
the pulse. This can be seen clearly in Fig. 7: for the shortest pulse
durations of 6 fs the most populous charge states are 6+ and 7+,
while for a 60 fs pulse length the 8+ dominates. This is mainly
due to different temperatures – 6 fs is too short a time to
substantially populate the resonant charge state which represents
the dominant absorption channel. Longer pulses allow for the
charge state to be populated collisionally, allowing for more
resonant absorption and isochoric heating. In contrast, systems
heated by x-rays above an ionisation threshold show a much
weaker dependence on the intensity, as can be readily seen in
Fig. 5: the most populous charge states are between 8+ and 9+
for all pulse durations between 8 fs and 80 fs. Notably, the
population of charge states is predominantly driven by the
thermal electrons, and is thus captured well by the thermal
calculations. The same cannot be said for the emission spectra,
which show a more pronounced, and experimentally observable,

dependence on non-thermal electron collisions for short pulse
durations.

Conclusions
We have presented the atomic kinetics simulation package
CCFLY, which can model the non-thermal (electron) and non-
LTE (ion) evolution of matter interacting with intense x-ray
radiation on ultra-short timescales. We have used these cap-
abilities to investigate the evolution of solid-density systems,
heated isochorically to high temperatures via femtosecond FEL
pulses, and assess the role of non-thermal electron distributions.
We find that in mid-Z systems such as Al and Mg, non-thermal
electrons become important in determining the short-time
plasma kinetics and electron dynamics for intensities above
1017Wcm−2, and for pulse lengths below 10 fs.

To date, the use of Fokker-Planck models within collisional-
radiative simulations to interpret experiments at free-electron
lasers has been limited, largely due to the substantial computa-
tional cost the method requires. Whilst we have shown that this is
justifiable for experiments using a typical SASE FEL pulse dura-
tion of ~50 fs, ongoing developments enabling the routine gen-
eration of energetic few-fs and sub-fs pulses, and of ultra-high
intensities via narrow bandwidth self-seeding and x-ray nanofo-
cusing, are increasingly accessing x-ray regimes where the direct
modelling of non-thermal electron relaxation will be essential to
retain predictive power in the modelling of extreme x-ray matter
interactions.

Fig. 6 Effect of non-thermal electrons on the emission spectra of Al
irradiated at constant energy for various pulse durations. The ratio of the
first two emission lines is very similar for pulses over 40 fs (where the peak
of line V is ~15% of line IV), but starts to differ for shorter pulses. For the
shortest 8 fs pulses line V is ~29% of line VI when instant thermalisation is
assumed, but this ratio increases to 38% in the non-thermal simulation.
The hot, non-thermal electrons enhance the overall emission by increasing
the L-shell collisional ionisation rate.

Fig. 7 Thermal (solid) and non-thermal (dot-dashed) evolution of the
charge state populations in resonantly pumped Mg. The sample is
irradiated on-resonance at 1304 eV, at constant energy, and for various
pulse lengths.
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Methods
The CCFLY atomic kinetics model. The evolution of our system is described in
terms of the changes in the relative population density Ni(t) of each ionic charge
state (labelled by the index i), and of the free electron distribution fE(E, t). A
collisionally-induced transition between two ion states given by some cross
section σ±(E) is described in the model by a transition rate per unit volume S±(t)/V
given by

S± ðtÞ=V ¼
Z ffiffiffiffiffiffiffiffiffiffiffiffiffi

2E=me

p
σ ± ðEÞ f EðE; tÞ dE; ð1Þ

where E is the kinetic energy of the electron and me the electron mass. By com-
puting the transition rates between all the ion states, we can construct a transition
matrix S. For each available ion state i, its population density Ni can then be
determined by the following set of coupled rate equations

Niðt þ dtÞ � NiðtÞ
dt

¼ NiðtÞ ∑
j≠i
Sji � ∑

k≠i
Sik

� �
: ð2Þ

Because our system is globally neural, the total electron density Ne can be calculated
from the ion density and the ionisation z as:

Neðt þ dtÞ ¼ ∑
i
Niðt þ dtÞzi; ð3Þ

where we have summed across all ion states and multiplied them by their ioni-
sation zi. From the perspective of energy balance, the ion transitions can either add
energy or draw energy from the free electron population. Thus, due to the
requirement of energy conservation, the energy change in the free electron dis-
tribution is given by:

dEkinðtÞ
dt

¼ �∑
i≠j
SijEijNiðtÞ þ

dEradðtÞ
dt

; ð4Þ

where Eij is the energy difference in between ionic charge states i and j involved in
the transition i→ j. This expression sums up all the energies that are released into,
or drawn from, the free electron distribution due to photo-absorption, Auger
decay, and collisional interactions. This includes bound-bound radiative

transitions, bound-bound collisional transitions, bound-free radiative ionisation,
bound-free radiative recombination, bound-free collisional ionisation, bound-free
collisional recombination, autoionization, and electron capture.

We will call the model thermal if we assume that the electron distribution
function is Maxwellian, uniquely described by an electron density Ne and a
temperature T. For situations where energy is entering the system, for example via
x-ray photoabsorption, the temperature and density are instantaneously
equilibrated at each time step. Then,

3
2
NeðtÞ kBTðtÞ ¼ EkinðtÞ: ð5Þ

In this case, Eqs. (3) and (4) completely determine the free-electron distribution in
terms of the changing temperature and density of the ionised electrons.

In contrast, if a thermal electron distribution cannot be assumed, then the
change in the electron distribution needs to be modelled explicitly for all electron
energies. This can be accomplished using the Fokker–Planck equation:

∂f EðEÞ
∂t

����
ee

¼ � ∂

∂E
½aðEÞ f EðEÞ� þ

1
2
∂2

∂E2 ½DðEÞ f EðEÞ� þ Iðf EðEÞÞ þ SðEÞ: ð6Þ

The change in the electron distribution as a function of time is governed by four
terms on the right hand side of this equation. The first two terms, containing a(E)
and D(E), describe the elastic part of the evolution. The third term I(fE(E)) denotes
all contributions of inelastic collisional processes within the electron distribution,
where the free electrons either gain or lose energy to the ionic charge state. The last
term S(E) denotes the collection of all source interactions that do not depend on
the electron distribution. By capturing the effects on the electron distribution in an
inelastic collision operator that considers the photo-ionisation and Auger decay, a
self-consistent approach for the ion populations and electrons can be achieved.
Then the ionic charge state populations, the electron distribution and its time-
derivatives can be fed into an ordinary differential equation (ODE) solver. We refer
to this situation as the non-thermal case.

CCFLY supports two levels of detail in the atomic data used in the atomic
kinetics modelling: superconfigurations and relativistic configurations. In the
super-configurational approach, we simply count how many electrons are bound
with each quantum number. States are denoted in the KaLbMcNd notation which
means that there are a electrons in the K-shell (n= 1), b electrons in the L-shell
(n= 2), c electrons in the M-shell (n= 3) and d electrons in the N-shell (n= 4).
The advantage of using superconfigurations is that the dataset can be kept relatively
small compared with a more detailed configurations dataset. In contrast, relativistic
configurations provide access to more detailed atomic physics modelling, but at a
substantially greater computational cost. A relativistic configurations dataset can be
generated using the Flexible Atomic Code44,45, via the CFACDB library that
provides access to the cFAC-generated databases.

Elastic electron collisions. The elastic part of the evolution of the electron dis-
tribution is given by the first two terms in the Fokker Planck equation in Eq. (6).
The elastic collision terms can alter the shape of the distribution, while preserving
particle density and total kinetic energy. Additionally, the distribution function
should equilibrate to the correct Maxwellian distribution. In CCFLY, the electron
distribution is initialised and evolved in energy space but in the Fokker-Planck
operator, the electrons are evolved in velocity space. First derived by Bobylev and
Chuyanov46, and cast into a non-relativistic collision operator by Tzoufras
et al.47,48, this formulation is given in integro-differential operator form as:

∂f vðvÞ
∂t

� �
ee

¼ 4πΓee
3

1
v2

∂

∂v
1
v
∂W vð Þ
∂v

� �
; ð7Þ

where the function W(v) is given by:

W vð Þ ¼ f v

Z v

0
f uu

4 du þ v3f v

Z 1

v
f uu du� 3

Z 1

v
f uu du

Z v

0
f uu

2 du: ð8Þ

The function W(v) contains the time evolution of the electron distribution due to
to electron-electron collisions that conserve particle number and kinetic energy.
The Γee term is defined as:

Γee ¼
e4 lnΛ
4πε20m2

e
; ð9Þ

with e the electron charge, and lnΛ the Coulomb logarithm. The Coulomb loga-
rithm for electron-electron interactions in hot plasmas is computed with a semi-
empirical formula constructed by Huba49:

lnΛ ¼ 23:5� ln N1=2
e T�5=4

� 	
� 10�5 þ ðlnT � 2Þ2=16
 �1=2

; ð10Þ
where the density and temperature have units of cm−3 and eV, respectively.

For large velocities, Eq. (8) can be evaluated through standard discretisation
techniques such as the chained trapezoid method. For velocities that are small
compared with the characteristic velocity vc of the distribution, the second
and third term in Eq. (8) cancel up to Oðv5Þ. It is necessary to modify the
numerical scheme to capture this, in order for the distribution to equilibrate to
a Maxwellian. This can be done by writing W(vn) as a Taylor series f n �
f ð0Þ þ f 1 � f ð0Þ
 �

v2n=v
2
1

� 
and f ð0Þ ¼ f 0 � f 1v

2
0=v

2
1

� 
= 1� v20=v

2
1

� 
. Setting

Fig. 8 Effect of non-thermal electrons on the emission spectra of
resonantly pumped Mg. Mg is irradiated on-resonance at 1304 eV, at
constant energy, and for various pulse lengths. The emission lines on both
sides of the resonant VII Kα line are due to collisional ionisation (to higher
energies) and three-body recombination (to lower energies). Non-thermal
electrons start to affect the spectrum for pulse lengths below 30 fs.
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W vn < vc
�  � WsðvÞ, this results in:

WsðvÞ ¼ f n ´ f ð0Þ v
5
n

5
þ f 1 � f ð0Þ�  v7n

7v21

� �
þ f n � f ð0Þ� 

v3n � f 1 � f ð0Þ�  3v5n
5v21

� �

´ ∑
N�1

k¼nþ1

1
2

f kvk þ f k�1vk�1

� 
δk�1=2:

ð11Þ
Similarly, setting W vn ≥ vc

�  � WlðvÞ, we have

WlðvÞ ¼ f n ∑
n

k¼0

1
2

f kv
4
k þ f k�1v

4
k�1

� 
δk�1=2 þ v3nf n ∑

N�1

k¼nþ1

1
2

f kvk þ f k�1vk�1

� 
δk�1=2

�3 ∑
N�1

k¼nþ1

1
2

f kvk þ f k�1vk�1

� 
δk�1=2

� �
´ ∑

n

k¼1

1
2

f kv
2
k þ f k�1v

2
k�1

� 
δk�1=2

� �
:

ð12Þ
We show an example of how this elastic collisional operator relaxes a non-thermal
electron distribution to a Maxwellian in Fig. 9. For simplicity, we assume here that
only free electrons are involved in the collisional thermalisation process, and all
interactions with ions (e.g. collisional ionisation and recombination) are ignored.
We initialise the electrons to a thermal distribution at 100 eV, and add an
additional non-thermal population of electrons with energies centred at 2 keV. The
collisional operator equilibrates the distribution to a new overall temperature of
365 eV within some 10 femtoseconds.

Because we equilibrate the free electrons to a Maxwell-Boltzmann rather than to
a Fermi–Dirac distribution, our model (and our collision rates, in particular) will
be inaccurate for temperatures below the Fermi temperature

TF ¼ _2

2kBme
ð3π2neÞ

2=3
; ð13Þ

where ne denotes the electron density. At the solid densities considered here, this
corresponds to temperatures in the region of 5–10 eV. Because of this, we initialise
our simulations at a temperature of 3/5 EF, corresponding to the mean energy of an
electron in a Fermi-Dirac distribution at T= 0, and start the evolution from there.
The x-rays must isochorically heat the system beyond the Fermi energy within the
first few time steps to justify this modelling approach. One might assume that it is
this lack of a Fermi-Dirac implementation which fundamentally limits our
modelling to relatively hot systems. However, this is only partially correct: in
reality, the entire collisional-radiative modelling infrastructure presented in this
section is based on a classical picture of electron-ion and electron-electron binary
collisional processes, and on the atomic structure of isolated atoms, neither of
which necessarily converges to known results in the condensed matter limit at low
temperatures. We do not seek to address these challenging issues here, and instead
choose to restrict our modelling to systems at temperatures considerably above the
Fermi temperature throughout our investigations.

Data availability
The data presented in this work is available upon reasonable request.

Code availability
Access to the code may be made upon reasonable request, where permissible.
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