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Transient space localization of electrons ejected
from continuum atomic processes in hot dense
plasma
Pengfei Liu 1, Cheng Gao 1, Yong Hou 1, Jiaolong Zeng 1,2 & Jianmin Yuan 1,2,3

Continuum atomic processes initiated by photons and electrons occurring in a plasma are

fundamental in plasma physics, playing a key role in the determination of ionization balance,

equation of state, and opacity. Here we propose the notion of a transient space localization of

electrons produced during the ionization of atoms immersed in a hot dense plasma, which

can significantly modify the fundamental properties of ionization processes. A theoretical

formalism is developed to study the wavefunctions of the continuum electrons that takes into

consideration the quantum de-coherence caused by coupling with the plasma environment.

The method is applied to the photoionization of Fe16+ embedded in hot dense plasmas. We

find that the cross section is considerably enhanced compared with the predictions of the

existing isolated-atom model, and thereby partly explains the big difference between the

measured opacity of Fe plasma and the existing standard models for short wavelengths.
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Continuum atomic processes in plasmas such as photo-
ionization and electron-impact ionization, where at least
one electron of an atom is ejected into a continuum state,

play an important role in the ionization balance dynamics. Recent
experimental developments are providing new ways to study the
radiative properties of highly ionized and dense plasmas. Bailey
et al.1 experimentally measured iron opacity at electron tem-
peratures of 1.9–2.3 million kelvin and electron densities of
(0.7–4.0) × 1022 cm−3 at the Z facility2. They observed optical
absorptions that are ~30–400% higher than those predicted by
current widely used opacity models3–12. One evident discrepancy
is found at short wavelengths where photoionization dominates
the opacity. Enhancement of emission spectra was also observed
in solid-density Al plasmas produced by free-electron lasers at the
Linac Coherent Light Source (LCLS)13 in the K-shell energy
region14. Vinko et al.15 investigated the collisional ionization rates
in solid-density Al plasmas created at the LCLS and diagnosed
employing a spectroscopic method. They estimated the rate of
collisional ionization processes to be several times higher than
that predicted by standard semi-empirical models. Very recently,
ultrafast electron-impact collisional ionization dynamics is
experimentally investigated using resonant core-hole spectro-
scopy in a solid-density magnesium plasma16. The authors con-
cluded that collisional ionization and recombination cross
sections are larger than predicted by several widely used models.
These experiments provide valuable information on ionization
processes occurring in dense plasma; nevertheless, isolating a
particular ionization pathway from other competing transitions is
notoriously difficult to measure accurately.

The importance of the basic continuum processes in dense
plasmas is that it is the starting point for calculations of physical
properties such as the energy balance, charge state distribution,
the equation of state, opacity, electronic, and heat conductivity.
Extensive investigations have been performed to study plasma
screening effects17–19 by employing analytical models such as the
ion sphere20, Debye-Hückel21, Stewart and Pyatt22, and Ecker
and Kröll23. Currently, the commonly used models and codes
within the plasma physics community fail to interpret the
experimental observations mentioned above. We are still unaware
of the physical origin of the discrepancies between the experiment
and theory. Since Bailey et al.1 reported their opacity measure-
ment, various theoretical investigations24–28 have been performed
trying to improve the opacity models and analyse the associated
uncertainties but did not eliminate the difference.

The unsolved issues found in opacity1, continuum emission
spectra14, and electron-impact ionization rates15 are closely
related to the treatment of the continuum electron in the ioni-
zation processes occurred in dense plasmas. In the present state-
of-the-art models mentioned above, the continuum electron is
treated as fully coherent in space. This should be only a rough
approximation without taking account of the de-coherence of the
continuum electron.

In this work, we propose a notion of electron transient space
localization in continuum processes occurring in hot dense
plasma with well-defined electron densities and temperatures.
Such electron localizations are caused by the coupling of the
continuum electron with the plasma environment. The coupling
gives rise to momentum broadening of the continuum electron
and hence induces its de-coherence in the processes. We develop
a theoretical formalism to include the effects of localization and
apply it to photoionization processes of highly charged ion Fe16+

embedded in dense plasmas, taking it as an example. The results
show that the cross section is greatly increased compared with the
predictions of the existing isolated-atom models. The transient
space localization of the continuum electron may also be the
physical origin of other phenomena occurring in hot dense

plasmas. We suggest that the unexplained experimental
observations1,14,15 can be interpreted with the introduction of
localization for the continuum electron.

Results
Transient space localization of the continuum electron. Unlike
the ionization of an isolated atom, the continuum electron (here
we consider only one continuum electron being ejected for sim-
plification) ejected from a continuum process in a hot dense
plasma interacts with the plasma environment. Random collisions
of the continuum electron with surrounding particles (ions and
free electrons, the latter being the most important) result in a loss
of the wave phase and hence the outgoing electron loses coher-
ence in leaving the parent ion. Such environment-induced
dephasing of the wavefunction during propagation gives rise to
a localized distribution of continuum electrons in space, being
more pronounced near the ionization threshold. If the continuum
electron is treated as completely free in space, then there is
probability to find the electron in the whole physical space.
However, the coupling with the environment makes its quantum
coherence characteristics being limited to a definite space region.
Near the ionization threshold, the energy of the continuum
electron is small and hence a small variation of energy or
momentum can give rise to a larger effect. On the other hand, the
effects of localization are also closely related with the energy
distribution of the background electrons in the plasma. Here we
use “transient” to specify the short time feature of space locali-
zation around the parent ion after ionization. After the ionization
event, the electron wave packet can move away due to its nonzero
kinetic energy. This dynamical random collision induced tran-
sient space localization is similar to Anderson localization29 of
electrons scattered randomly by the disorder in solids and to the
dynamical localization of Rydberg electrons in a plasma
environment30,31. The localization of the latter case is induced by
the interaction of the Rydberg electron with free electrons in the
plasma, which is similar to the situation in this work.

Momentum broadening of the continuum electron. Elastic and
inelastic collisions with a free electron in the plasma result in
momentum transfer of the continuum electron. The collisions
with plasma electrons give rise to momentum broadening for the
continuum electron. The collisions of the bound electrons with
the plasma electrons induce an energy broadening of the sta-
tionary states, which reduces the lifetime of the bound states.
Here we use momentum broadening to characterize the quantum
coherence length of the continuum electron. The lifetime is
inversely proportional to the energy broadening and likewise the
quantum coherence length is inversely proportional to the
momentum broadening. In past investigations, the continuum
electron is usually assumed to be fully coherent in the whole
physical space. In hot dense plasmas, however, the interaction
and coupling with the plasma environment ensures the electron is
no longer fully coherent in the whole space. Such couplings stop
the continuum electron moving to infinity and thus they become
localized in a definite region of space.

Figure 1 shows momentum broadening of the continuum
electron occurring in a photoionization process of Fe16+

immersed in an iron plasma at a temperature of 180 eV and
different electron densities from 4.0 × 1021 to 2.0 × 1023 cm−3. At
a given plasma temperature, the momentum broadening increases
with increasing plasma density, which means that the effects of
electron localization are more pronounced at a denser plasma.
With increasing electron energy, momentum broadening rises
rapidly from zero to a peak value, and then descends smoothly.
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In Fig. 2, we show the dependence of the momentum
broadening on the plasma temperature with a fixed electron
density of 4.0 × 1022 cm−3. We find that the momentum broad-
ening is larger in a hotter plasma. This means that the effects of
electron localization are in general more pronounced in a hotter
plasma at a given density. This is understandable from the
viewpoint of momentum transfer. With increasing temperature,
there are more energetic background free electrons which can
give rise to a larger momentum transfer to the continuum
electron. As a result, the momentum broadening increases with
increasing temperature. Note, however, that such an increase will
cease at a critical value.

Radial wavefunction of the continuum electron. The momen-
tum broadening means that the momentum and energy of a
continuum electron are no longer definite as in a free space but
have a range of uncertainty through the exchange of energy with
the environment. Near the nucleus, the wavefunctions of con-
tinuum electron with different momenta have the same asymp-
totic behavior and hence they superimpose coherently with
definite weights. Here the weight is taken as a Lorentzian dis-
tribution f k; k0ð Þ ¼ Δk=π

k�k0ð Þ2þΔk2
centered at the central momentum

k0. We take such a distribution because electron-impact broad-
ening is the dominant mechanism in dense plasma environments,
which is a Lorentzian profile when random one-by-one collisions
and linear response approximations are used. In the expression,
Δk is the half-width at half-maximum (HWHM) of the
momentum broadening induced by elastic and inelastic collisions
with the plasma electrons.

Figure 3 shows the radial wavefunctions of the electron ejected
from the photoionization process hν+ 1s22s22p6 1S→ 1s22s22p5
2Po+ eðϵ0sÞ of Fe16+, which was immersed in an iron plasma at
a temperature of 180.0 eV and electron densities of 4.0 × 1021,
4.0 × 1022, and 2.0 × 1023 cm−3. The central kinetic energy of the
continuum electron is chosen to be 20.0 eV. The radial
wavefunctions have been multiplied by the square root of the
density of states (DOS) for convenience to simplify the

comparison of wavefunctions of isolated ions obtained using
the code developed by Gu32. From an inspection of Fig. 3, the
amplitude of the wavefunction decreases with the radial distance
r from the nucleus, which is different from a free electron that
tends to have a constant asymptotic amplitude at r sufficiently
large. With increasing density, the amplitude of the wavefunction
decreases faster and the continuum electron displays stronger
localization. The effect is more pronounced near the ionization
threshold. Near the nucleus, however, the amplitude of the
wavefunction is enlarged compared with that of an isolated ion.
Accordingly, a larger overlap can be found between the
wavefunctions of the bound and continuum states that enhances
the continuum atomic processes for the embedded ion. The form
of the wavefunction introduced in refs. 33–35 is similar to that
used here.

Normalized DOS of the continuum electron. From the results
presented above, we know that the maximal radial distance that an
electron attains is closely related to its energy. Here we introduce
the normalized DOS as the ratio of the square root of DOS to
the normalization constant of the continuum wavefunction (see
Methods for details). From an inspection of results (Fig. 4), one
can see that the normalized DOS peaks at some particular electron
energy. At the lowest density of 4.0 × 1021 cm−3, it is only slightly
larger than unity with a peak value of 1.05 at ~180 eV. At a higher
energy above 1000 eV, it tends to be unity, and therefore corre-
sponds to a continuum state in free space. In this instance, the
continuum electrons behave as if moving in a potential field of an
isolated ion. This may be a natural result at the low-density limit.
At the given highest density of 2.0 × 1023 cm−3, however, it
deviates from unity by ~150% at an energy of ~400 eV.

Electron localization-induced enhancement of ionization pro-
cesses. Transient space localization can significantly modify the
ionization processes in a hot dense plasma. As an example, Fig. 5
shows the direct photoionization cross section of the ground level
of Fe16+ immersed in a plasma with different electron densities.
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Fig. 1 Momentum broadening of the continuum electron. The electron is
ejected from the photoionization of Fe16+ embedded in iron plasmas at a
temperature of 180.0 eV and electron densities of 4.0 × 1021, 4.0 × 1022,
and 2.0 × 1023 cm−3. Atomic units have been used for the half-width at
half-maximum of the momentum broadening
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Fig. 2 Momentum broadening as a function of plasma temperature. The
continuum electron is immersed in iron plasmas at an electron density of
4.0 × 1022 cm−3 and different plasma temperatures. Atomic units have
been used for the half-width at half-maximum of the momentum
broadening
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The cross section of the embedded ion shows a slow increase
starting at energies much lower than the ionization threshold of
the isolated ion, then a rapid increase to a maximum, and finally a
decrease with increasing photon energy. The slow increase of the
cross section is a reflection of electron-impact broadening on the
ionization threshold. Such behavior is completely different from
that of an isolated ion, in that the cross section increases from
zero to a definite value at the threshold and then decreases
monotonically. The peak cross section increases by 35 and 78% at
electron densities of 4.0 × 1022 and 2.0 × 1023 cm−3, respectively,
compared with that of the isolated ion model. Zammit, Fursa, and
Bray19 showed that the excitation cross section decreases, while
the total ionization cross section increases for electron-hydrogen
collisions if only the plasma screening effects are considered.
However, electron localization-induced enhancement of con-
tinuum processes is an additional new effect to those previously
considered. Both effects of plasma screening and electron locali-
zation have been considered in this work. The former effect
usually shows a sharper rise at threshold, while the latter one may
enhance the cross section far above the threshold. The photo-
ionization process shows an evident ionization potential depres-
sion for the embedded ion. This phenomenon is in agreement
with recent experimental measurements36–39 and theoretical
predictions40–42.

In Fig. 6 we show the photoionization cross section of Fe16+

immersed in a plasma at an electron density of 4.0 × 1022 cm−3

and different temperatures for the same process as in Fig. 5. We
find that the cross section increases more at a higher temperature,
yet the ionization potential depression is much less sensitive to
the temperature. The variational trend of photoionization cross
section with electron density and plasma temperature shown in
Figs. 5 and 6 are in qualitatively agreement with the experimental
observation in the short wavelength range1.

Striking changes induced by localization may further be seen in
the total photoionization cross sections of the ground and excited
levels of Fe16+ (Fig. 7). In panel Fig. 7a, both contributions from
the direct ionization of 2p and 2s electrons and indirect ionization
from the resonant processes have been included to give a more
complete picture. The cross section of the isolated ion features a
series of resonances 2s→ np (n ≥ 6) superimposed on the
continuum background. The cross section of isolated ion is in
satisfactory agreement with a recent large-scale R-matrix
calculation43. For the embedded ion, however, resonances of
higher np disappear for the principal quantum number n larger
than 10, 7, and 6 at densities of 4.0 × 1021, 4.0 × 1022, and 2.0 ×
1023 cm−3, respectively. However, additional resonances of 2s→
5p and 2s→ 4p successively show up at the density of 4.0 × 1022

and 2.0 × 1023 cm−3. This shows that the bound states belonging
to the configurations of 1s22s2p65p and 1s22s2p64p in the isolated
ion Fe16+ have become autoionized states because of plasma
screening.

Electron localization also affects the electron-impact excitation
processes, which means a larger electron-impact broadening of
the resonance spectral lines of the embedded ion. This effect has
been included in the above calculations. Because of the enlarged
broadening on the ionization threshold and spectral lines, the
edge of the resonance and bound-free absorption was not as clear
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corresponding isolated ion. The electron is ejected from the photoionization of
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and electron densities of 4.0 × 1021, 4.0 × 1022, and 2.0 × 1023 cm−3

ARTICLE COMMUNICATIONS PHYSICS | DOI: 10.1038/s42005-018-0093-5

4 COMMUNICATIONS PHYSICS |            (2018) 1:95 | DOI: 10.1038/s42005-018-0093-5 | www.nature.com/commsphys

www.nature.com/commsphys


as in the isolated atom. This feature is shown in Fig. 7b for the
total and direct photoionization cross section of the excited state
1s22s22p53d 1Po of Fe16+. With considering electron localization,
absorption is greatly increased in the “windows” between the lines
of the embedded ion. On one hand, direct photoionization greatly
enhances the absorption in the “windows” by many times in the
photon energy range 1200–1300 eV compared with that of an

isolated ion. On the other hand, combining contributions of
resonances, the cross section is further increased in the photon
energy range 800–1200 eV. The pronounced localization effect
seen in the photoionization cross sections is expected to solve the
discrepancy between experiment and theory found for iron
plasma opacity for short wavelengths where the bound-free
opacity dominate1. In the longer wavelength range where
bound–bound absorption dominates the opacity, electron loca-
lization will result in a larger spectral line width, which is also in
agreement with the experimental finding. However, other factors
such as the modified ionization equilibrium caused by electron
localization complicate the problem of bound–bound opacity,
which is beyond the scope of the present work.

In the calculations of the spectrum, the sum rule is in principle
satisfied for an isolated atom. In a hot dense plasma, the
hamiltonian of an embedded atom is no longer a hermitian
operator and hence the sum rule is in general invalid for such a
dissipative system. In other words, because of the strong coupling
between the bound and free electrons in dense plasma, the free
electrons in the plasma actually take part in the photon ionization
processes of the bound electrons. Therefore, the effective number
of the active electrons is more than the active bound electrons.
There are more electrons in the plasma participating in the
transitions of the embedded atom and hence the sum rule should
be modified accordingly.
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Discussion
The above analysis of electron localization is discussed from a
dynamical point of view. The physics may also be understood as a
static multichannel interference. In a dense plasma, there are
always free electrons in the local space around an ion. Because
there are interactions between the continuum electron during
continuum processes and plasma electrons, the energy obtained
in the continuum processes may be distributed to the continuum
electrons and the correlated free electrons. Each combination of
continuum electron state and free-electron states forms a reaction
channel. As the energy of the free electrons has a continuous
distribution, we therefore have continuously distributed reaction
channels with a range of energy uncertainty for the continuum
electron. The continuum process is a superposition of these
reaction channels and therefore the continuum state is also a
superposition of nearby definite energy states within the uncer-
tainty. This multichannel-interference view is similar to the
interference associated with multiple scattering in Anderson
localization. Nevertheless, the present transient space localization
does not mean a zero diffusion normally occurs in Anderson
localization because of the nonzero average momentum of the
state. Localizations described by a momentum broadening of the
continuum state is also closely related to the wave packet concept
often used to describe electron dynamics in dense plasma44.

Looking forward, the vital role played by localization in the
ionization processes embedded in dense plasmas has far-reaching
implications in a variety of disciplines including astrophysics,
inertial confinement fusion, and high-energy density physics. First,
the transient localization of the continuum electron around the
parent ion influence the ionization equilibrium and change the
charge state distribution; therefore, they influence the equation of
state and the radiative properties of plasma. Second, by taking into
consideration localization effects, we expect to better understand
the discrepancies between theory and experiment reported in the
measurements of opacity, electron-impact ionization rates, and the
emission properties of dense plasma. Finally, electron localization
modifies the laser–matter interactions, particularly in laser inter-
actions with solids and dense plasma. An enhancement should be
more pronounced for direct multi-electron processes, where sev-
eral continuum electrons are ejected simultaneously45.

Methods
To describe based on theory the ionization processes occurring in a hot dense
plasma, one has to take simultaneously the effects of plasma screening and loca-
lization of electrons into account. Consider an ion of nuclear number Z with N
electrons (N= Z refers to an atom) embedded in a plasma of temperature T and
electron density ne. The wavefunctions of both the bound and continuum electrons
are obtained by solving the effective single-electron relativistic Dirac equation,

H0 þ VenvðrÞ½ �ψðrÞ ¼ EψðrÞ ð1Þ

where H0 is the effective single-electron Hamiltonian of the isolated ion, which can
be determined by a consistent field method32. The plasma screening potential
Venv(r) originates from the interaction with surrounding electrons and ions in the
plasma. In general, plasma electrons dominate the screening effect and hence we
include only their contributions in this work. We proposed an average screening
potential produced by plasma electrons based on the model40

VenvðrÞ ¼ 4π
1
r

Z r

0
r1 þ

Z R0

r

� �
r1ρ r1ð Þdr1 �

3
2

3
π
ρðrÞ

� �1=3
ð2Þ

where R0= 3
4πni

� �1
3
defines a radius of ion sphere. The free-electron density dis-

tribution ρ(r) follows the Fermi–Dirac statistics, which is obtained from the ioni-
zation equilibrium equation of the plasma. In the theoretical treatment we calculate
the Kohn-Sham potential using finite-temperature exchange-correlation func-
tionals of Dharma-Wardana and Taylor46. More choice of finite-temperature
exchange-correlation functionals can be found in ref. 47.

For the continuum electron, we further consider the localization effect on the
radial wavefunction in addition to the plasma screening. This means that the
energy and momentum of the electron are no longer definite as in a free space but

have a range of uncertainty arising from energy exchanges with the environment.
Hence the radial wavefunction of the electron with a central momentum of k0 can
be expressed as a superposition within the uncertainty,

uk0κðrÞ ¼
1
A

Z 1

0
f k; k0ð ÞPkκðrÞdk ð3Þ

where Pkκ(r) is the energy normalized radial wavefunction of the continuum state
determined by solving Eq. (1), which has a definite energy determined by its
momentum k, κ is the relativistic angular quantum number, and A a re-
normalization constant. f(k, k0) describes the expansion coefficient of Pkκ(r) in the

momentum space, which is taken as a Lorentzian distribution f k; k0ð Þ ¼ Δk=π
k�k0ð Þ2þΔk2

.

Δk is the HWHM of the momentum broadening induced by elastic and inelastic
collisions with plasma electrons. For elastic collisions, the continuum electron with
an energy of ϵ collides with a free electron of energy E in the plasma, which gives
rise to a momentum transfer

Δk′ ¼
Z

Pcm 1� cosθð Þ dσ
dΩ

� �
cm

dΩ ð4Þ

where the electron–electron differential scattering cross section dσ
dΩ

	 

cm

and the
momentum Pcm are calculated in the center-of-mass (cm) system. The contribution
from inelastic collisions to the momentum transfer of Δk′ is obtained by the
inelastic scattering differential cross section of the final state of the ionization
process, where the electron is ejected into a continuum state of higher energy. After
averaging the momentum transfer over the energy distribution of plasma electrons
g(E) (a Maxwellian distribution for the thermodynamic equilibrium plasma), we
obtain the momentum broadening Δk.

We re-normalize the delta-function-normalized wavefunction of the continuum
electron to unity over the whole space domain (cf. refs. 33–35), that is, the nor-

malization condition is
R1
0 uk0κðrÞ
��� ���2dr ¼ 1. The DOS is determined by

D k0ð Þ ¼ dnr
dϵ0
. In the interval r− (r+ dr) of the radial phase space, the number of

quantum states equals dnr ¼ kϵ0κðrÞdr=π with kϵ0κðrÞ being the central momentum
of the electron. With increasing electron energy ϵ0, additional nodes of the
wavefunction appear, which are used to obtain the DOS48.

Data availability
The data that support the figures within this paper and other finding of our study
are available from corresponding author upon reasonable request.
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