
ARTICLE

Received 3 Sep 2014 | Accepted 26 Jan 2015 | Published 3 Mar 2015

Investigation of femtosecond collisional ionization
rates in a solid-density aluminium plasma
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The rate at which atoms and ions within a plasma are further ionized by collisions with the

free electrons is a fundamental parameter that dictates the dynamics of plasma systems at

intermediate and high densities. While collision rates are well known experimentally in a few

dilute systems, similar measurements for nonideal plasmas at densities approaching or

exceeding those of solids remain elusive. Here we describe a spectroscopic method to study

collision rates in solid-density aluminium plasmas created and diagnosed using the Linac

Coherent light Source free-electron X-ray laser, tuned to specific interaction pathways around

the absorption edges of ionic charge states. We estimate the rate of collisional ionization in

solid-density aluminium plasmas at temperatures B30 eV to be several times higher than

that predicted by standard semiempirical models.
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A
knowledge of the rate at which electrons are removed
from, or recombine with, atoms and ions in a plasma is of
fundamental importance in the understanding and

prediction of plasma formation and dynamics. Changes in the
charge state can occur via many processes, for example,
interactions with photons, charge exchange, Auger decay
and—of interest here—via collisional ionization with unbound
electrons within the system. For weakly coupled systems, where
the thermal energy of the charged components greatly exceeds
their mean energy of coulomb interaction, the plasma can be
treated as close to ‘ideal’, and it is commonly assumed when
calculating collisional ionization rates that the collisions can be
treated as binary, that is, that collective many-body effects play a
negligible role in determining the dynamics of the interaction.
Under such an assumption, cross-sections can be calculated via
the binary scattering theory, and by integrating these over the
electron density and temperature distribution, the appropriate
collision rates can be obtained. For many configurations these
rates can be calculated theoretically within the relativistic
distorted-wave approximation framework, which yields accurate
results for high-temperature, highly ionized plasmas. This
method is currently implemented in the widely used HULLAC1

and FAC2 atomic codes, but can be further refined to a range of
increasingly complex plasma conditions (see ref. 3, and references
therein). However, given the very large number of possible
different ionization configurations, and/or the need for a
comprehensive treatment of further effects, such as inner-shell
excitation and autoionization, which can quickly become
computationally cumbersome, empirical or semiempirical
formulae, such as those in ref. 4–7, are popular for use within
collisional-radiative modelling codes (for example, FLYCHK8 and
SCFLY9, CRETIN10, CRModel11 and ABAKO12).

Owing to the foundational link between rates and dynamics,
collisional ionization cross-sections for isolated atoms and ions
have been thoroughly investigated experimentally over the past
half century using a variety of techniques such as the crossed-
beam method13, or directly via plasma spectroscopy of well-
defined low-density systems14,15. The rate of collisional ionization
follows directly from the cross-section once the number and
energy of the colliders are known, via the temperature-dependent
electron distribution function.

In contrast, our understanding of the rate of collisional
ionization in dense, strongly coupled plasmas, where the
binary-collision model breaks down, is woefully inadequate. Such
plasmas are prevalent throughout the Universe within stellar
environments—for example, the conditions half-way to the centre
of the sun are equivalent in density to that of a typical solid, but
with temperatures of order 100 eV. A number of theoretical
approaches have been taken in an attempt to model collisions
within such systems. Indeed, it is predicted that many-body
effects such as plasma screening and ionization potential
depression (IPD) can already have a significant effect on these
rates at electron densities of 1021 cm� 3 (refs 16,17), increasing
them several times over and above those that would be predicted
by a more classical binary approach. As experiments using
intense, short-pulse lasers to heat solid targets, as well as inertial
confinement fusion investigations, routinely deal with
nonequilibrium plasmas at even higher electron densities, in the
range of 1023–1025 cm� 3 (refs 18,19), an understanding of how
collisional ionization processes are affected in a dense plasma
environment is of great practical importance20,21.

While a considerable amount of theoretical work has been
carried out on calculating collisional ionization rates in dense
plasmas, there is a dearth of experimental data in this regime. In
part, this is because of the difficulty of producing highly ionized,
dense and hot plasmas under well-known conditions, but also

because the measurement of collision rates cannot generally be
isolated from other competing transitions and recombinations,
such that a good understanding of all the processes in the plasma
system is required to investigate any single one. Moreover, for
most conditions of interest in dense plasmas far from
equilibrium, Auger recombination, electron collisional ionization
and other electronic processes occur on femtosecond timescales,
severely limiting the feasibility of direct, time-resolved
investigations.

It is in the above context that we describe here an experimental
method to investigate the collisional ionization rates under warm-
and hot-dense plasma conditions with well-defined electron
densities and temperatures. We show that the commonly used
semiemprical models4,5, implemented in many plasma-kinetics
codes, underestimate the rate of collisional ionization by a
considerable margin—a trend predicted by the theoretical
investigations cited above16,17,21. As we will describe, our
method relies on heating a solid target with the Linac Coherent
Light Source (LCLS) X-ray free-electron laser (FEL). We exploit
the short duration of the X-ray pulse to ensure that the plasma we
create and study is heated isochorically to well-defined
conditions, and the tunability of the LCLS photon energy to
allow us, via X-ray-driven emission spectroscopy, to investigate
specific collisional ionization rates within the system.

Results
Experiment. We use the LCLS FEL22 to create a hot and dense
Al plasma on ultrashort timescales using X-ray irradiation of
1-mm-thick foil targets at peak intensities reaching 1017W cm� 2.
The X-ray wavelength is tuned over a range of values around the
K-edges of the various ionization stages of Al, so that the
predominant absorption pathway for the X-rays is K-shell
photoionization, leading to the creation of a core hole in the 1s
state. This K-shell hole subsequently recombines within a few
femtoseconds, mainly via Auger decay from the L-shell, so that
the energy of the X-ray pulse is efficiently retained, and the
system is rapidly heated to peak temperatures approaching
200 eV, at solid density, within the duration of the pulse. The
experiment, and the properties of the plasma created, has been
described in detail elsewhere23–25.

The main experimental diagnostic is X-ray emission spectro-
scopy in the Al Ka region of the spectrum in the range 1,460–
1,600 eV, obtained via an ADP (101) crystal spectrometer with
spectral resolution of B1.3 eV. Since the system is driven to
temperatures not high enough to thermally ionize the K-shell, the
Ka emission is driven solely by the X-ray beam, and the spectra
carry information on the system exclusively within the duration
of the X-ray pulse, which is of B80 fs. Because of these short
timescales, the ions do not have time to move more than a
fraction of the lattice spacing, and the heating of the sample is
isochoric with a well-known ion density throughout the entire
time of emission. The electrons, on the other hand, equilibrate
very quickly, and collisional ionization was observed to play an
important role in their thermalization within the duration of the
pulse23.

The experimentally measured spectra for a range of X-ray
irradiation photon energies are shown in Fig. 1. The various
emission lines correspond to different charge states of an Al ion
containing one hole in the K-shell and an additional number of
holes in the L-shell. The first line in Fig. 1, denoted by IV, is
emitted from a system containing initially a single K-shell hole
and a fully filled L-shell. The three M-shell electrons are
considered to be pressure-ionized in metallic Al. Since emission
from line IV can only be observed if a 1s electron is photoionized
from an ion with charge state 3þ , the onset of this emission can
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be used to determine the K-shell ionization energy of the said
charge state. Similarly, emission from V is determined by the
K-edge of charge state 4þ , and so on, for all possible occupations
of the L-shell. Therefore, by observing the intensity of an
emission line as a function of the photon energy of the X-ray
pump, the positions of the K-edges can be extracted from the data
for a range of specific ionic charge states, a result that has recently
led to the reporting of the first direct measurement of the IPD in a
dense plasma25.

Simulations. As the experimental results are collected over the
duration of the X-ray pulse, which also heats and ionizes the
sample, the analysis remains reliant on the accurate modelling of
the evolution of the plasma system under the intense X-ray

irradiation. Therefore, we simulate the experiment using the
SCFLY collisional-radiative code8,9, which has proved capable of
modelling the non-local thermodynamic equilibrium evolution of
X-ray FEL-irradiated samples23–27.

The basic parameters of the simulation have been reported
previously23–25. The X-ray pulse is modelled via a Gaussian time
distribution with a full-width at half-maximum pulse length of
80 fs. The simulations of the Ka peaks away from resonance are
seen to not depend on the specific time structure of the pulse, and
varying the pulse length down to 60 fs, or the shape to that of a
square pulse yields identical results to those reported, provided
the total energy contained in the pulse is left unchanged. The time
structure of the evolution of the system is simulated over a period
of 200 fs in 50 time steps, and the total spectrum is obtained by
integrating the emission from all steps.

In the experiment, the sample was irradiated over a range of
different intensities determined by the spatial focusing profile of
the X-ray beam. This distribution on target of the X-ray intensity
was measured experimentally and is used to construct a two-
dimensional (2D) intensity map of the surface of the emitting
region of the sample28,29. In the calculations, the total emitting
region is simulated by binning the target in 30 intensity bins,
spanning over five orders of magnitude in intensity, each of which
constitutes an independent atomic kinetics simulation. The
spectra from these individual simulations are then weighted by
the volume of the region irradiated at that intensity, and added
together to simulate the emission observed experimentally on the
detector. Such simulated emission spectra, pumped at photon
energies of 1,590 and 1,630 eV, are shown as a function of time in
Fig. 2. Here the peak of the X-ray pump is set to t¼ 0 (negative
times are earlier). The comparison between the time-integrated
calculated spectrum and the experimental measurement is given
at the top of Fig. 2, and illustrates an excellent agreement between
the two, provided the higher collision rates are used in the
calculation, as will be discussed shortly. We note that, while the
FEL pump and the simple X-ray photoabsorption interaction
channel enable us to accurately simulate the plasma evolution,
the emission spectrum remains that of a sample, which is
both inhomogeneously spatially heated, and which is also
evolving in time.
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Figure 1 | Experimental emission spectra. Experimentally measured Ka

intensities as a function of the spectrally resolved emission (horizontal axis)

and X-ray pump photon energy (vertical axis)23,24. Emission from Al charge

states 4þ to 8þ are marked, with the black windows showing the regions

of the experimentally measured K-edges, and the red windows showing

regions of the spectrum where collisional effects are the main contributor

to the emission from a specific line.
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Figure 2 | Simulated emission spectra. The three-dimensional (3D) simulated spectrum from the target sample, shown both resolved in time and

time-integrated, is in excellent agreement with the experimental measurement, provided the higher collision rates are used (see text and Fig. 3).

The Gaussian FEL pulse has a full-width at half-maximum of 80 fs and its peak is placed at t¼0. In a, the system is shown to be pumped at 1,590 eV,

for which lines IV and V can be pumped directly, while lines VI and above emit because of collisional processes. In b, the system is pumped at 1,630 eV and

lines VII and above emit because of collisional ionization. The relatively weak feature just below 1,560 eV is Kb emission.
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The opacity of the emitting region is modelled via the escape
factor formalism, with a line-of-sight target thickness of 1mm.
The escape factor formalism was shown to be an adequate way to
model the opacity in these conditions, provided the X-ray
pumping occurs above the cold Al K-edge (1,550 eV); more
detailed radiation transfer calculations are in turn required to
model the K-L resonance transitions27. The bandwidth of
the X-ray pulse is 0.4%, determined experimentally23. The
calculations presented use the modified version of the Ecker–
Kröll model (mEK)30 for the IPD, which has been previously
observed to be the most accurate model for both describing the
evolution of the physical system, as well as for reproducing the
observed spectra25. The collision rates used are those in ref. 5.

Collisional ionization. The experiment is sensitive to collisional
processes. To show this, let us consider the emission line VI,
photo-pumped at an X-ray photon energy of 1,590 eV. The
atomic configuration that produces emission line VI is K1L6.
In the experiment, K-shell vacancies can only be created via
photoionization, since the temperature of the system heated by
the LCLS is never sufficient for the thermal ionization of the
K-shell of Al to be significant. Given that the K-edge of config-
uration K2L6 is at 1,610 eV (see Fig. 1), the configuration K1L6
cannot be created via photoionization from this ground state with
X-ray photons at 1,590 eV. Hence, one might expect to observe
no emission from line VI while the X-ray pump remains below
1,610 eV. As we see from Fig. 2a, however, a non-negligible
amount of emission from line VI is produced at this pump
wavelength. In contrast, the emission from line V is determined
by the photoionization of configuration K2L7, which has a K-edge
at 1,575 eV, and is energetically allowed. This results in a sig-
nificant production of ions in the K1L7 configuration, which in
turn gives rise to the strong emission from line V.

We now note that, although the electron temperature is
insufficient for K-shell ionization, it is large enough for significant
L-shell collisional ionization to take place. This provides an
alternative channel for the creation of the line VI emitting

configuration K1L6 from the photoionization of K2L7, rather than
from the energetically forbidden K2L6, via a two-step process:

K2L7 þ hn ! K1L7 þ e�

K1L7 þ collision ! K1L6 þ e� ð1Þ

Clearly, this channel opens once the first step (photoionization) is
possible, so that the intensity of emission line VI depends not
only on the K-edge of charge state 5þ (K2L6) but also on the
K-edge of the lower charge state 4þ (K2L7). Since multiple L-shell
collisions can occur, albeit with decreasing probability, the
intensity of a specific emission line will generally depend on the
K-edge of all lower charge states.

The ionic configuration K1L7 is short-lived, with a lifetime
determined primarily by the Auger recombination into K2L5,
which takes place within about 2 fs. The amount of K1L6 created
in these conditions via the process described in equation (1) is
then given through the competition between collisional and
Auger processes, both of which compete to destroy state K1L7.
Importantly, this means that, provided the emission intensities
are a good map of the charge state populations they correspond
to, and provided we can neglect higher-order collisional effects,
the ratio of neighbouring emission lines pumped at an X-ray
photon energy that lies between the K-edges of the two states can
yield directly the ratio between the collisional ionization rate and
the rate of Auger decay for a specific charge state. Since the Auger
rates are an atomic property of the ion, such a measurement
provides a straightforward method to extract collision rates in a
dense, strongly coupled plasma.

We plot in Fig. 3 the intensity of the emission lines IV through
VIII as a function of the pump X-ray photon energy. The
emission is normalized to the the main Ka line and is offset for
clarity. While each of these charge states has an observable
K-edge determined by the minimum photon energy necessary
to photoionize a 1s electron in an Al ion of given atomic
configuration, we further observe that higher charge states display
multiple such edges, that is, thresholds for the emission intensity
at photon energies well below that of the K-edge. These higher-
order edges appear at the photon energies of the K-edges of lower
charge states, and are driven by collisional ionization of the
L-shell electrons, via the chain process described in equation (1).
For example, the experimental emission from line VII clearly
shows three distinct thresholds at the K-edge energies of charge
states 4þ , 5þ and 6þ .

Ionization potential depression. An accurate modelling of the
evolution of the system, as well as that of collisional ionization
processes, requires the positions of the K-edges to be calculated
correctly a range of charge states and plasma conditions. This is
because the K-edges need to be known for the spectroscopic
model here described to be applicable, but more importantly,
because the IPD determines the energy required to ionize bound
electrons, and also affects the collision rates via determining the
free-electron temperature and density distribution. As previously
reported in ref. 25 the mEK IPD model, which we also employ
here, is capable of reproducing the measured experimental
K-edges with good accuracy. More precisely, we see from Fig. 3
that for lines IV and V the IPD is overestimated by at most a few
eV (position of edge in simulations is lower than that of the
experiment), while for lines VI and above the IPD is under-
estimated by at most 5–10 eV. We note that other commonly
used IPD models, such as that of Stewart and Pyatt31 or based on
the ion-sphere model32, tend to significantly underestimate the
IPD, and can misplace the position of the K-edge by as much as
50 eV for charge state 7þ (ref. 25). Recently, several theoretical
calculations of the IPD applicable to the experimental conditions
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shown here were conducted, the results of which are in better
agreement with the trend of both the mEK model and the
experimental edges as depicted in Fig. 3 (refs 33–35).

Discussion
The effect of collisional ionization can best be observed from the
step-like features of the emission intensity of the various emission
lines, as shown in Fig. 3. In particular, the ratio between
intensities of neighbouring lines near absorption edges is
overwhelmingly dominated by collisional ionization within the
time window of Auger decay. A higher emission intensity above
the K-edge of a certain charge state in the calculations compared
with the experiment is, therefore, indicative of too few collisions
taking place (insufficient depopulation of the photo-pumped
charge state), while for the below-edge case the same is true if the
simulations yield a lower emission intensity than in the
experiment (insufficient collisional population of a charge state
that cannot be photo-pumped directly). An interesting conse-
quence of this is that observing the emission above and below the
absorption edge of a single line can be sufficient to estimate the
rate of collisions taking place, and, in particular, whether or not
this process is accurately reproduced by the theoretical models
used in collisional-radiative calculations. This effect is clearly
shown by the different calculations presented in Fig. 3.

We deduce from Fig. 3 that the standard model for collisional
ionization yields rates that are consistently too small to explain
the observed spectral emission for all the emission lines

investigated (V–VIII). To evaluate the amount by which this
process is underestimated, we have performed calculations for a
range of scaled collision rates, where all the collisional ionization
rates, as well as their inverse processes (or, equivalently, cross-
sections) are multiplied by a factor of 0.2, 1, 3 or 5. All other
parameters in the simulations are held constant. The results are
shown by the various simulation lines in Fig. 3, from which we
see that the collision rates are underestimated by as much as a
factor of 3 or more over the range of conditions investigated. We
note that the changes in the collisional rates have no influence on
the positions of the Al K-edges.

Despite the spectrum being emitted from a plasma, which is
inhomogeneously heated, both spatially and in time, we find that
the individual lines that emit because of the collisional ionization
of an Al ion with a K-shell hole do so in surprisingly well-defined
plasma conditions. The reason for this lies in the high
collisionality of the system, which is very quickly driven towards
LTE. To see this, we plot in Fig. 4a the distribution of emission
from the various intensities from within the focal spot, which
contribute to the total emission from line VI when the sample is
pumped at 1,590 eV, a process described in detail in the previous
section. Unsurprisingly, low intensities from the fringes of the
focal spot contribute little to the emission of the line, as an
insufficient number of ions in the emitting charge states are
created. Similarly, the highest intensities reached at the focus are
also seen to contribute negligibly. Here copious amounts of the
right charge states can be created; however, the fraction of the
sample that interacts with the peak of the X-ray pulse is also very
small, so that this emission is strongly overshadowed by the
emission at intermediate intensities, which are representative of a
much larger portion of the emitting plasma. This is why the
intensity weighting distribution, shown in Fig. 4, is seen to be
peaked at intermediate intensities. For each value of the intensity
we plot the free-electron temperature and density of the plasma in
the conditions of peak emission of the line of interest during the
pulse. While the various X-ray intensities heat regions of the
sample to very different final temperatures and ionizations, we
observe that the peak of the emission tends to always occur in
very similar conditions, irrespective of the intensity. Hence, the
parts of the sample that interact with high X-ray intensities will
emit collisional lines VI (VII), shown in Fig. 4a,b, at earlier times,
while those at low intensities will emit later, towards the end of
the pulse. By weighting the electron temperatures and densities
over all intensities via this distribution, we can extract the range
of conditions in which the line was emitted across the whole
plasma, that is, where the predominant amount of collisional
ionization took place. For an X-ray pump photon energy of
1,590 eV, we find T¼ (27±4) eV, ne¼ (2.5±0.2)� 1023 cm� 3

for line VI. Similarly, the emission from line VII, when the
plasma is pumped at 1,630 eV (driven by the collisional process
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K1L6þ collision-K1L5þ e� ), occurs at T¼ (35±4) eV and
ne¼ (2.9±0.2)� 1023 cm� 3.

Our collisional-radiative calculations assume instant thermali-
zation of the Auger and photoelectrons to provide the
instantaneous free-electron temperature and density. In reality,
however, although they thermalize quickly, the Auger electrons,
and to a much lesser extent the photoelectrons, will be
nonthermal for a short period of time, during which their effect
on the collisional ionization process will be different to that of the
thermal free electrons. A large relative population of energetic
Auger electrons could then skew the interpretation of the
experimental results, provided their collisional cross-section was
significantly different to that of the cooler, thermal electrons,
because collisional ionization from the Auger electrons is not
included separately in our calculations. To estimate the size of
this effect, we have separated the Augers from the thermal
electrons in the simulation and thus relaxed the assumption of
instant thermalization, so that now, in order to thermalize, an
Auger electron must either collisionally ionize an ion in the
system or collide with the thermal electrons. This ionization is
tracked alongside that of the thermal electrons and is plotted in
Fig. 5 as a function of time during the FEL pulse, at a photon
energy of 1,630 eV. Importantly, we find that the population of
each charge state peaks at a time when the collisional ionization
due to the thermal electrons is over an order of magnitude larger
than that due to the Auger electrons. Hence, we conclude that the
instant thermalization assumption is overall valid in these
conditions, and that the error introduced in the evaluation of
the collision rates is not significant.

Recently, more advanced calculations of relaxation dynamics of
the free-electron distribution in an FEL-driven system using a
Fokker–Planck approach were reported in ref. 36. At the highest
densities at which they performed their calculations, of 1022

atoms cm� 3, the authors report a persistent presence of
nonthermal Auger and photoelectrons during the entire
duration of the pulse. However, because of the high density of
the system the populations of these high-energy electrons were
seen to be very small compared with that of the thermal electron
distribution, for all but the very beginning of the pulse. This
observation is consistent with our simpler calculations. Moreover,
our results are for solid-density Al, which has a six-times higher
atomic density, for which thermalization times should be even
shorter. Perhaps surprisingly, the effect of nonthermal electrons
in the distribution was also seen to initially lower the observed
rates of impact ionization36. The reason for this is that in the
instant thermalization approximation, all the absorbed energies
that do not go into ionization contribute directly to the
temperature, whereas for nonthermal distributions some of that
energy is syphoned off to the high-energy electrons, leading to a
cooler thermal electron component. Hence, were these effects
significant, one would expect to overestimate the experimental
collisional ionization rates in the calculation rather than
underestimate them, as is the case of the results reported here.

In conclusion, we have described a spectroscopic method to
extract femtosecond collisional ionization rates in dense plasmas
using the unique characteristics of an X-ray FEL, namely its
high intensity, narrow bandwidth and wavelength tunability.
By comparing emission intensities of lines produced from
neighbouring charge states, one of which is photo-pumped above
its K-edge, the other below, the collisional ionization rate can be
clocked to the Auger decay rate of a core hole, providing, in
principle, a plasma-model-independent reference window for the
collisional event. Recent experimental emission measurements on
solid-density Al plasmas at LCLS show that the emission from
charge states pumped below their respective K-edge is system-
atically underestimated by our collisional-radiative calculations in

the regions where the measurements are sensitive to collisional
effects. In the present measurements, opacity effects prevent us
from extracting the collisional rate directly from the emission
spectrum; therefore, we have conducted a full non-local
thermodynamic equilibrium spectral calculation, including opa-
city via the escape factor formalism. We observe that the
measurement is consistent with a too small collisional ionization
rate used in the modelling, and are able to match the
experimental results extremely well, with the exception of small
discrepancies in the modelling of the IPD on the order of 5–
10 eV, provided we assume the collisional ionization rates are
larger by a factor between three and five. While nonthermal
collisional effects, primarily driven by energetic Auger electrons,
are an important contributing factor to the collisionality of the
system at early times in the plasma evolution, our current
calculations indicate that their effect should be small compared
with the much larger thermal electron distribution at the times
when most of the relevant emission intensities are produced.
Regardless, we wish to stress that more detailed investigations,
aimed at better quantifying the effect of nonthermal electron
distributions on transition rates on ultrashort timescales, are
certainly necessary in the context of studying collisional dynamics
on X-ray FELs. Finally, we calculate that the plasma conditions in
which the spectrum is sensitive to collisional effects has very well-
defined electron temperatures and densities, despite the time- and
space-integrated nature of the experiment. This is primarily
because of the strong collisionality driving the system rapidly
towards LTE, so that charge state populations, and hence peak
emissions, are closely linked to the plasma temperature. Hence,
this technique affords, for the first time, the possibility to measure
charge-state-specific collisional ionization rates in well-defined
conditions in dense, strongly coupled plasmas.

References
1. Bar-Shalom, A., Klapisch, M. & Oreg, J. Hullac, an integrated computer

package for atomic processes in plasmas. J. Quant. Spectrosc. Radiat. Transf. 71,
169–188 (2001).

2. Gu, M. F. The flexible atomic code. Can. J. Phys. 86, 675–689 (2008).
3. Sampson, D. H., Zhang, H. L. & Fontes, C. J. A fully relativistic approach for

calculating atomic data for highly charged ions. Phys. Rep. 477, 111–214
(2009).

4. Lotz, W. Electron-impact ionization cross-sections and ionization rate
coefficients for atoms and ions from hydrogen to calcium. Z. Phys. 216,
241–247 (1968).

5. Burgess, A. & Chidichimo, M. C. Electron impact ionization of complex ions.
Mon. Not. R. Astron. Soc. 203, 1269–1280 (1983).

6. Sampson, D. H. & Zhang, H. L. Semiempirical formulae for electron impact
excitation and ionization of hydrogenic ions. Astophys. J. 335, 516–524 (1988).

7. Busquet, M. Improved analytic fits of collisional cross-sections. High Energ.
Dens. Phys. 3, 48–51 (2007).

8. Chung, H.-K., Chen, M. H., Morgan, W. L., Ralchenko, Y. & Lee, R. W.
FLYCHK: Generalized population kinetics and spectral model for rapid
spectroscopic analysis for all elements. High Energ. Dens. Phys. 1, 3–12 (2005).

9. Chung, H.-K., Chen, M. H. & Lee, R. W. Extension of atomic configuration sets
of the Non-LTE model in the application to the Ka diagnostics of hot dense
matter. High Energ. Dens. Phys. 3, 57–64 (2007).

10. Scott, H. A. Cretin-a radiative transfer capability for laboratory plasmas.
J. Quant. Spectrosc. Radiat. Transf. 71, 689–701 (2001).

11. Hartgers, A., van Dijk, J., Jonkers, J. & van der Mullen, J. A. M. Crmodel:
a general collisional radiative modeling code. Comput. Phys. Commun. 135,
199–218 (2001).

12. Florido, R. et al. Abako: a new code for population kinetics and radiative
properties of plasmas under nlte conditions. J. Phys. 112, 042008 (2008).

13. Harrison, F. A. The determination of atomic collision cross sections using
crossed electron and ion beams (and some sources of error in such
experiments). Br. J. Appl. Phys. 17, 371–382 (1966).

14. Kunze, H.-J., Gabriel, A. H. & Griem, H. R. Measurement of collisional rate
coefficients for heliumlike carbon ions in a plasma. Phys. Rev. 165, 267–276
(1968).

15. Jones, L. A., Kallne, E. & Thomson, D. B. Measurement of the total collisional
ionization rates of ne vi, vii and viii. J. Phys. B 10, 187 (1977).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7397

6 NATURE COMMUNICATIONS | 6:6397 | DOI: 10.1038/ncomms7397 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


16. Prenzel, R., Bornath, T. h. & Schlanges, M. Ionization and recombination rates
of dense carbon plasmas. Phys. Lett. A 223, 453–457 (1996).

17. Bornath, T. h., Schlanges, M., Morales, F. & Prenzelt, R. Dynamical screening
effects on rate coefficients for dense plasmas. J. Quant. Spectrosc. Radiat. Transf.
58, 501–508 (1997).

18. Hammel, B. A. et al. High-mode Rayleigh-Taylor growth in NIF ignition
capsules. High Energ. Dens. Phys. 6, 171–178 (2010).

19. Haan, S. W. et al. Point design targets, specifications, and requirements for the
2010 ignition campaign on the National Ignition Facility. Phys. Plasmas 18,
051001 (2011).

20. Murillo, M. S. & Weisheit, J. C. Dense plasmas, screened interactions, and
atomic ionization. Phys. Rep. 302, 1–65 (1998).

21. Ziaja, B., Wang, F. & Weckert, E. High energy density physics multi-electron-
recombination rates estimated within dense plasmas. High Energ. Dens. Phys. 5,
221–224 (2009).

22. Schlotter, W. F. et al. The soft x-ray instrument for materials studies at the linac
coherent light source x-ray free-electron laser. Rev. Sci. Instrum. 83, 043107
(2012).

23. Vinko, S. M. et al. Creation and diagnosis of a solid-density plasma with an
X-ray free-electron laser. Nature 482, 59–62 (2012).

24. Cho, B. I. et al. Resonant Ka spectroscopy of solid-density aluminum plasmas.
Phys. Rev. Lett. 109, 245003 (2012).

25. Ciricosta, O. et al. Direct measurements of the ionization potential depression
in a dense plasma. Phys. Rev. Lett. 109, 065002 (2012).

26. Ciricosta, O., Chung, H.-K., Lee, R. W. & Wark, J. S. Simulations of neon
irradiated by intense X-ray laser radiation. High Energ. Dens. Phys. 7, 111–116
(2011).

27. Rackstraw, D. S. et al. Opacity effects in a solid-density aluminium plasma
created by photo-excitation with an x-ray laser. High Energ. Dens. Phys. 11,
59–69 (2014).
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