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Abstract
An approach based on the self-consistent-field (SCF) multi-configuration Dirac–Fock (MCDF)
model is developed to simulate radiative opacity of hot and solid-dense plasmas taking
detailed levels into account. The correlation effects and the angular momentum coupling
among the bound electrons are treated in the usual way employed in a normal MCDF method.
Influences of plasma screening on transition energies, oscillator strengths and ionization
potentials are included by introducing a correction to the one-electron potential to account for
the screening of the ionized electrons. This correction depends on the detailed micro-space
distribution of the ionized electrons in different ions. The total average number density of the
ionized electrons in the plasma is obtained by solving the Saha equation with quantum
degeneracy corrections. The ionized electron density distribution in each ion is described
based on a Thomas–Fermi distribution in an atomic field. Since the electronic structure and
the ionization balance depend on each other, the SCF procedure includes solving the MCDF
and the Saha equations. As examples, calculations have been carried out to simulate the
spectrally resolved radiative opacity and the Rosseland and Planck means of hot and
solid-dense aluminium plasmas. Comparisons between the results of the present model,
average atom model and experiments are made to show the significance of detailed
line-by-line treatments on the calculated results.
(Some figures in this article are in colour only in the electronic version)

approximated by statistical models such as the average atom
(AA) model [22–25], super transition array (STA) model
[26, 27] and unresolved transition array (UTA) model [28]
with a variety of considerations for the plasma environment.
Few detailed term/level accounting (DTA/DLA) models
[4, 5] have been applied to simulate radiative opacity of hot
and solid-dense plasmas. However, many theoretical models
[29–44] have been developed to calculate the atomic data in
this kind of plasmas.
For low-density plasmas, a large number of atomic data,
such as the atomic levels, level populations, oscillator strengths
and photoionization cross section, are used with the same
values as those of the free ions without environmental influence
except that the ionization potential depression is usually taken
into account by simple models [29, 30]. For solid-dense
plasmas, influence of the plasma environment should be

1. Introduction
Opacity dominates the radiative transfer within plasmas and
consequently has a strong influence on radiative hydrodynamic
evolutions. It is of great significance in many research fields
such as astrophysical plasmas [1], inertial confinement fusion
(ICF) [2] and x-ray lasers. In the past few decades, extensive
studies on the opacity of plasmas with temperatures of a
few tenths of eV and densities of two orders less than solids
have been done both experimentally and theoretically [3–8].
Only recently, however, have experiments been performed to
investigate the properties of hot and solid-dense plasmas due to
the technical advances in generating near or above solid-dense
plasmas [9–21]. As for the theoretical methods, opacity of hot
and dense plasmas has sufficient complexity to be reasonably
1
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considered in the calculation of atomic data along with the
calculation of ionization balance of ions in the plasma. Except
for the well-developed AA models [22–25], most recently,
quantum mechanical description of an ionized electron had
been included in an improved STA model by using partial
wave expansion [26, 27]. Local density approximation (LDA)
potential was connected with the STA optimized parametric
potentials allowing for bound orbital relaxation. Description
for the pressure-induced ionization process of electrons across
the ionization threshold with increase of matter density had
been improved by including shape resonance orbitals just
above the ionization threshold. However, in the latest versions
of the DTA/DLA models [4–6], calculations of the bound
electron structure have not been coupled with plasma, although
the ionized electrons as well as the ionization balance are
treated in a relatively complete way.
In the present study, a DTA/DLA model is developed for
opacity calculations of hot and dense plasmas by coupling
a modified multi-configuration Dirac–Fock (MCDF) scheme
for bound electron calculations with ionized electrons and
ionization balance of plasma self-consistently. A flexible
MCDF code GRASP2 [45, 46], which is capable of calculating
the electron correlation effects as well as the angular
momentum coupling, has been modified to take the effect of
ionized electron screening as well as finite space confinements
for bound electrons into account. The changes of energy levels,
oscillator strengths and ionization potential of the ions along
with plasma temperature and density have been considered
automatically during the self-consistent calculation of atomic
data and the ionization balance of plasma. As an example,
the opacity of hot and solid-dense Al plasmas is calculated
using this model. Changes of the fine spectrally resolved
radiative absorption structures and Rosseland and Planck mean
opacities with density and temperature are investigated for
a wide range of plasma conditions with a density of 0.2–
20 g cm−3 and a temperature of 300–500 eV, respectively.
Preliminary experimental results are available within this range
of density and temperature [12, 13].
Experimental measurement of opacity will soon be
possible for hot and solid dense matters when new devices
such as NIF [19] will be ready to use. Therefore, accurately
calculated opacity will be interesting for many researches
in the field such as ICF. Although opacity can be obtained
by summing all cross sections of radiative absorption and
scattering processes together, many important features such
as the widths and strengths of absorption bands caused by
transition arrays cannot be deduced from the atomic data.
These features are essential for people to design the experiment
and make practical applications in ICF simulations. Therefore,
the main purpose of the present study is not only to show the
density effect on atomic data but also to give quantitatively
accurate opacity results for hot and solid-dense plasmas, which
would be valuable for the physics experiment design on new
devices and for the possible comparison between experiment
and theory.

2. Method of calculation
Calculation of opacity of hot and solid-dense plasmas requires
massive amounts of accurate environmental dependent atomic
data, ion abundance and energy level populations. Atomic
data are obtained with a modified MCDF approach with
environmental effects being considered. Ion and energy
level populations are obtained with a local thermodynamic
equilibrium (LTE) approximation. Brief descriptions of the
method are given in the following.
2.1. Modified MCDF method
In the MCDF approach, an atomic state function (ASF)
is constructed approximately by a linear combination of
configuration state functions (CSFs) with the same parity P
and angular momentum (J, M)
|PJM =

nc


crτ |γr PJM,

(1)

r=1

where nc is the number of CSFs and crτ is the mixing
coefficient. A CSF is antisymmetrized products of a common
set of orthonormal orbitals which are optimized on the basis
of the relativistic Hamiltonian. For free ions, the Hamiltonian
takes the form

 1
H0 =
[cα · p + βc2 + Vnuc (ri )] +
,
(2)
r
i
i>j ij
where c is the speed of light in vacuum and Vnuc (ri ) is the
potential due to the nucleus. The Hamiltonian for the ions in
the plasma environment is of the same basic form as that for
free ions

 1
He =
[cα · p + βc2 + Ve (ri )] +
,
(3)
r
i
i>j ij
except that the potential Vnuc (ri ) due to the nucleus is replaced
by the potential Ve (ri ) due to the nucleus and the ionized
electrons. In the central field approximation, for the
 Ith
ion in the plasma with a finite radius of RI = 3 Z −

1/3
NbI (4π Ne ) , the potential is given by

RI
1 ri
r1 +
Ve (ri ) = Vnuc (ri ) + 4π
r1 ρfI (r1 ) dr1 , (4)
ri 0
ri
where Z, NbI , Ne and ρfI (r) are the nuclear charge, number
of bound electrons of the Ith ion, average ionized electron
number density in the plasma, and the ionized electron density
distribution in the ion-sphere of the Ith ion, respectively. The
ionized electrons are considered to follow the Fermi–Dirac
distribution of the local free electron gas in the plane wave
momentum κ space [25] and can be defined as
∞
κ 2 dκ
1
√
ρfI (r) = 2
,
(5)
π κ0 (r) e[ κ 2 c2 +c4 −c2 −V (r)−μI ]/kT + 1
1

where κ0 (r) = [2V (r)c2 + V (r)2 ] 2 and μI is the so-called
chemical potential. The chemical potential is determined by
the neutrality condition
RI

4π
0

2

r 2 ρfI (r) dr = Z − NbI .

(6)
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The photoexcitation cross section from level l to l  can be
expressed in terms of the oscillator strength fll  as

One can see that different ions have different radii of ionsphere. The higher the ionization stage of the ion, the larger the
corresponding ion-sphere. The charge neutrality is satisfied
not only on average but also for every ion. Therefore, this
ion-sphere could not be understood as the average bound
electron distribution region as people usually do for ions in
crystal, but as the region in which the ionized electrons are
influenced by this ion. This treatment for electron space
distribution was widely used in Thomas–Fermi [47] and
average atom models [22, 23, 25] for electronic structure
calculations in atoms, solids and dense plasmas. It describes
the true electron distributions much better than the very
simplified uniform ion-sphere model [41]. For a neutral atom,
RI = [3/(4π Ne )]1/3 is taken just as the ion-sphere radius to
calculate the wavefunction but not to calculate the free electron
distribution.
Once gotten the total Hamiltonian including the
contributions from the ionized electrons in the sphere, the
environmental-dependent single-electron orbital is obtained
just as before by solving the one-electron equation similar
to (2) except for the boundary conditions, where the radial
components of the wavefunction Pa (r) and Qa (r) for bound
states are assumed to satisfy
Pa (RI ) = 0

dPa (r)
dr

or

= 0.

π he2
fI ll  S(hv),
(9)
me c
where S(hv) is the line shape function, which is taken as
a Voigt profile with the line widths of Doppler and Stark
broadening considered. The Stark width was obtained from a
simplified semi-empirical method [48]. The photoionization
cross section from level l of ion i is obtained from
π he2 dfI l
,
(10)
σI l (hv) =
me c d(hv)
where dfI l /d is the photoionization oscillator strength
density per photon energy interval. Equations (9) and (10)
are calculated with fully relativistic forms. The free–free
absorption is obtained from the Kramers cross section, and
the scattering contribution is approximated using the Thomson
scattering cross section.
In the LTE plasma, NI l , the population density for level
l of ion stage I, is obtained from the Boltzmann distribution
function
σI ll  (hv) =

NI l = gI l (NI /ZI ) e−EI l /kT ,

where gI l is the degeneracy of the state l. NI , the total
population density of ion I, is determined by solving the Saha
equation [49–51]
ZI +1 Ze −φI /kT
NI +1 Ne
=
e
,
(12)
NI
ZI
where Ne is the number of ionized electrons per unit volume,
φI is the density and temperature-dependent ground-state
ionization potential of ion I, and ZI and Ze are the partition
functions for ion I and free electron, respectively. For
nondegenerate gases, they are

gI l e−EI l /kT
(13)
ZI =

(7)

r=RI

Details of the bound electron wavefunction calculations were
described elsewhere [42]. In a plasma consisting of many
different ionized ions, the relative abundance of the ions
and the average ionized electron number density depend on
the density and temperature of the plasma. The method
of determining Ne and the percentage of different ions will
be described in the following section. It will be seen that
the distribution of the energy levels and ionization thresholds
obtained in this section are required to get Ne and the relative
abundance of the ions. Therefore, for the plasma with definite
density and temperature, atomic structure and the ionization
balance of the plasma are calculated in a whole self-consistent
way in the present study. However, the ion–ion dynamical
correlation [12, 38, 43, 44] has not been considered in the
present and other similar static ion-sphere models.

l

and


2π me kT
Ze = 2
h2

In the case of the local thermodynamic equilibrium (LTE), the
radiative opacity κv [3] at radiation with energy hv in a plasma
is
 
I

NI l σI ll  (hv) +

ll 

× (1 − exp−hv/kT ) + μs ,



3/2
,

(14)

respectively, where EI l is the energy of level l relative to the
ground state of ion I and gI l = 2Jl +1 is the degeneracy of level
l. The sum of equation (13) runs over all bound states of ion
I and is truncated at the ionization threshold, which has been
lowered by the plasma environmental effects including the free
electron Coulomb screening and the space confinements for
bound electronic states due to density.
When density is high, or temperature is low, enough,
degeneracy cannot be ignored. For a free electron number
density ρf (in cm−3 ), the degenerate temperature Td (in eV)
is approximately [50]
 
1 3 2/3 h2 2/3
2/3
(15)
Td =
ρ ≈ 3.75 × 10−15 ρf .
8 π
me k f
For a typical solid-dense plasma with a free electron density
of 1024 cm−3 , when temperature is comparable to or lower
than 37.5 eV, degeneracy should be considered. Free electron

2.2. Radiative opacity in solid-dense aluminium plasma

ρκv =

(11)

NI l σI α (hv) + μff (hv)

l

(8)

where κv is the opacity at the energy hv, ρ is the density of
the plasma, T is the temperature, σI ll  is the cross section for
the photoexcitation from level l to l  of ion I, σI α is the total
cross section for the photoionization from level l of ion I, μff
is the total free–free absorption coefficient and μs is the total
photon scattering coefficient by free electrons.
3
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degeneracy can be taken into account in the Saha–Boltzmann
formalism by reformulating the ionization balance in terms
of the quantum mechanical grand partition function with
introduction of the chemical potential μ [51]
ZI +1 −(φI +μ)/kT
NI +1
=
e
,
(16)
NI
ZI
where μ is determined by the average free electron number
density Ne via
√
∞
2
1
x 1/2 dx
.
(17)
Ne = 2
π (kT )3/2 0 ex−μ/kT + 1
For nondegenerate cases, μ ≈ 0, and equations (16)
and (17) reduce to equations (12) and (14), respectively.
However, the Coulomb interactions between free electrons
are not considered by using equation (17) to determine the
chemical potential μ. The Coulomb interactions between free
electrons can be taken into account approximately by using an
expression similar to equation (5). From equations (5)–(7),
one can see that different ion-sphere sizes and chemical
potentials are calculated for ions of different ionization stages
in the plasma. For simplifying the numerical solving process
of the Saha equation, (17) was used when the quantum
degeneracy effect was considered in the calculations of
ionization balance in the plasma.
In hydrodynamic calculations, Rosseland and Planck
mean opacities [50, 51] are usually used. They are defined,
respectively, by
∞

WR (u)du
κ(u)

(18)

[κ(u) − κs (u)]WP (u) du,

(19)

1
=
KR

0

3
1s

∞

15 u3 e−u
.
π 4 (1 − e−u )

P(r)

1.4
0.2

0.4

0
0.4
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3

Figure 1. Density dependence of the lowest few orbitals for ion
AlXII at a temperature of 500 eV, where the solid, dash and dot lines
refer to the results of free ions and the ions in a plasma with a
density of 5 and of 20 g cm−3 , respectively.

3.1. Atomic data temperature and density dependence
Correlation plays an important role in the calculation of the
atomic structure. In the present study, large scale configuration
interactions (CI) are involved in the calculations of energy
levels and transition probabilities. Configurations of the
single-, double- and triple-electron excitations to valence
orbitals from the ground configuration have been included
in the CI expansions. AlXII will be taken as an example to
discuss the calculated results, and it will also be shown in the
following section that AlXII is one of the main species in the
plasma conditions discussed in the present study.
In table 1, the energy levels that belong to 1s2s and
1s2p configurations are listed. The NIST [52] recommended
data for free ions are also included for comparison. A good
agreement between the NIST data and the present results for
free ions ensures the accuracy of the numerical calculations.
To show the relative changes for energy levels, the ground
state is set to zero for all densities and temperatures. Two
distinct changes can be seen from table 1. First, the plasma
environment influence can change the order of the energy
levels. One can see that the fifth excited state of [1s1/2 , 2s1/2 ]0
becomes the second excited state when the density is up to
10 g cm−3 , due to a more significant influence on the 2p
orbital than on the 2s orbital. Second, the 1s2 –1s2p transition
array moves to lower photon energies resulting in a red shift
of about 15 eV at a density of 20 g cm−3 , while the 1s2s–1s2p
transition array moves to higher photon energies resulting in a
blue shift of about 4 eV at the same density. Spectra changes
will be seen clearly in figure 7, in which absorption peaks with
a few different densities are plotted at the same temperature
of 400 eV.
The energy level as well as the line shifts can be
explained in terms of the ionized electron screening and the
quantum confinement for bound state orbitals. Environmentaldependent distortions of a few lowest orbitals are shown in
figure 1. For free ions, the outer shell orbitals have a trend to

(20)

and the Planck integration weight function,
WP (u) =

3s

-1

where u = hν/kT , κs is the opacity of scattering. WR and WP
are, respectively, the Rosseland integration weight function,
15 u4 e−u
,
4π 4 (1 − e−u )2

1.5

1

0

WR (u) =

2p

, 500eV

2p

2

and
KP =

11+

Al

(21)

Although the process of summing atomic radiative
absorption cross sections to generate opacity is similar to our
early study [6], the models of the atomic structure and radiative
process and the details in calculation and code are completely
different from those used before.

3. Results and discussions
The opacity of hot and solid-dense plasmas requires large
amounts of environmental-dependent atomic data, and the
accuracy of the opacity strongly depends on the accurate
atomic data. Therefore, we first discuss the environmentaldependent atomic data in section 3.1. Then, emphases will be
placed on the calculation of radiative opacity in section 3.2.
4
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Table 1. Energy levels (eV) for free ion AlXII along with the corresponding recommended values from NIST Database [52] and the energy
level shifts (eV) of AlXII in plasmas with different temperatures kT (in eV) and densities ρ (in g cm−3 ). The lowest levels at different
plasma conditions are set to zero.
ρ
0

0

Present
0
1575.72
1588.36
1588.68
1589.39
1589.68
1599.38

NIST
0
1574.98
1587.97
1588.12
1588.76
1588.95
1598.29

0.2

1

5

10

20

−0.697
−0.621
−0.622
−0.622
−0.703
−0.633

−1.833
−1.584
−1.585
−1.588
−1.862
−1.610

E
kT = 300 eV
−6.067 −10.803
−4.936 −8.630
−4.941 −8.640
−4.954 −8.664
−6.248 −11.184
−5.063 −8.923

[1s1/2 , 2s1/2 ]1
[1s1/2 , 2p1/2 ]0
[1s1/2 , 2p1/2 ]1
[1s1/2 , 2p3/2 ]2
[1s1/2 , 2s1/2 ]0
[1s1/2 , 2p3/2 ]1

−0.692
−0.628
−0.629
−0.630
−0.695
−0.636

−1.816
−1.572
−1.574
−1.577
−1.844
−1.597

kT = 400 eV
−5.981 −10.533
−4.865 −8.410
−4.871 −8.420
−4.883 −8.443
−6.160 −10.907
−4.991 −8.696

−18.548
−14.680
−14.700
−14.745
−19.222
−15.182

[1s1/2 , 2s1/2 ]1
[1s1/2 , 2p1/2 ]0
[1s1/2 , 2p1/2 ]1
[1s1/2 , 2p3/2 ]2
[1s1/2 , 2s1/2 ]0
[1s1/2 , 2p3/2 ]1

−0.680
−0.621
−0.621
−0.622
−0.683
−0.628

−1.792
−1.557
−1.558
−1.561
−1.819
−1.581

kT = 500 eV
−5.942 −10.455
−4.833 −8.340
−4.838 −8.350
−4.851 −8.374
−6.121 −10.830
−4.958 −8.628

−18.484
−14.623
−14.639
−14.677
−19.155
−15.116

1s2
[1s1/2 , 2s1/2 ]1
[1s1/2 , 2p1/2 ]0
[1s1/2 , 2p1/2 ]1
[1s1/2 , 2p3/2 ]2
[1s1/2 , 2s1/2 ]0
[1s1/2 , 2p3/2 ]1

move to the outer region of the ion-sphere because of Pauli
principle and the repulsions between electrons. In dense
matter, however, the outer shell orbitals move back to the
inner region of the ion sphere due to the interaction with
neighbouring ions. At the same time, there are a lot of ionized
electrons distributed in the inner region of the sphere. Both
ionized electron screening and quantum confinement move
an energy level to higher energies. However, in an atomic
potential dominated by the nuclear Coulomb attraction, the
strength of these two effects is different for inner and outer
shell orbitals. As the ionized electrons concentrated around
the nuclei, the up shifts of the inner shell orbital energy caused
by screening are usually larger than those of the outer shell
orbital energy. In contrast, the up shifts of the orbital energy
caused by quantum confinement are larger for outer shells than
for inner shells. The blue and red shifts of the transition lines
are results of the difference between the energy levels shifts
of initial and final states. The up shift of the 1s orbital energy
caused mainly by screening is larger than that of 2p orbital
energy caused by both screening and quantum confinement
so that the 1s2 –1s2p transition array displays red shift with
increase of the density. The screening effects are nearly the
same for 2s and 2p orbitals, while the quantum confinement
effect for the 2p orbital is stronger than that for the 2s orbital,
as the 2s wavefunction has more nodes than 2p. So, the 1s2s–
1s2p transition array displays blue shift with increase of the
density.
The distortions of orbitals induce changes of oscillator
strengths and ionization potential depression as well. Figure 2
shows the changes of oscillator strengths of AlXII along

−18.725
−14.835
−14.854
−14.897
−19.405
−15.339

0.18
0.16
0.14
11+

0.12

A

, kT=300eV

gf

[1s,2s]1-[1s1/2,2p3/2]2

0.77
11+

A

0.76

, kT=300eV

2

1s -[1s1/2,2p3/2]1

0.75
0.74
0.73

0

5

10

15

20

3

Density (g/cm )

Figure 2. Changes of the oscillator strengths of 1s–2p and 2s–2p
transitions for ion AlXII as a function of density at a temperature of
300 eV.

with the plasma parameter. The oscillator strength of the
[1s, 2s]1 –[1s1/2 , 2p3/2 ]2 transition becomes larger along with
the density increase due to the more overlap between the two
orbitals of 2s and 2p, while the oscillator strength of the 1s2 –
[1s1/2 , 2p3/2 ]1 transition decreases with the density at 300 eV
because of the less overlap between the orbitals of 1s and 2p
at higher densities. Although the 2p wavefunction around the
maximum point moves outside slightly with density, it induces
changes of the oscillator strength apparently because the 1s
5
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0
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Figure 3. Ionization potential depression with density at a few
temperatures.

5

6

7

8

9
10
Ion Stage

11

12

13

14

Figure 4. Charge state fractions in the Al plasma at a temperature of
400 eV and three densities.

wavefunction decays very fast in this region. It is apparent
that the plasma environment introduces the rearrangement of
transition probabilities among different transition arrays and
eventually influences the opacity of the plasma.
Figure 3 plots the depression of the ionization potential
for AlXII with density. The ionization potential decreases
rapidly with the increase of density. The highly excited orbitals
are easily ionized to free electron states in the plasmas. For
instance, when the density gets to 5 g cm−3 , the ionization
potential depresses nearly 200 eV compared to the free ion,
while it depresses only 100 eV more, when the density is up
to 20 g cm−3 from 5 g cm−3 . The tightly bound orbitals of
n = 2, 3 are not easy to ionize to free ones, even with the
density up to nearly ten times of solid density. The cutoff of
bound states in the calculation of the partition function of the
ions, which is very essential for the calculation of charge state
abundance through solving the Saha equation, is determined
by the ionization potential. So, how well evaluated ionization
potentials of ions in dense plasmas eventually influence the
total opacity through the charge state fraction. An ionization
potential of 2085.71 eV was obtained in the present calculation
for free AlXII ion very close to the NIST recommended value
of 2085.98 eV [52].
All other ions existing in the plasma are calculated in the
same way as done for AlXII and are included in the ionization
balance calculation and opacity calculation discussed in the
following section.

13
300eV
400eV

Average Ionization

12

500eV

11

10

9

0

5

10

15

20

3

Density (g/cm )

Figure 5. Dependence of mean ionization degree of Al plasma on
density at three temperatures.

few different temperatures. At lower density and higher
temperature, the highly excited and valence orbitals can be
ionized to free ones due to the thermoionization. With increase
of density, recombination of ionized electrons increases and
reduces the average ionization degree. For example, At
0.2 g cm−3 and 400 eV, the average ionization degree is
12.5, however, when the density is up to 20 g cm−3 , the
average ionization degree decreases to 11.1, and almost one
and a half electrons are compressed back to bound states.
On the other hand, when the density is above a certain value
some of the highly excited states become ionized states due
to the interactions between electrons in neighbouring atoms
and cause the so-called pressure depression of the ionization
potential. Take the same example, it will be seen in figure 7
that all the absorption peaks above 1750 eV disappear in the
spectra of 20 g cm−3 due to the depression of the ionization
potential. So, the recombination of ionized electrons with
density increase occurs mainly on the low-lying states of the

3.2. Radiative opacity of hot and solid-dense aluminium
plasma
Figure 4 plots the charge state abundance in different plasma
conditions. At 400 eV, the average charge states are 11.7, 10.5
and 10.2 for densities of 1, 5 and 20 g cm−3 , respectively.
AlXII is one of the main species in these cases, so, AlXII will
be taken as an example to show the environmental dependence
of ion spectra in plasmas. Figure 5 shows the changes of
plasma average ionization degree along with density at a
6
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1

1

(a)

Intensity (arb. units)

0.5

1727

(b)

1729

0.5

1

1

0.5

0.5

0
1690

1710

0
1730
1750
1800
Photon Energy (eV)

1850

1900

Figure 6. Comparisons of (a), the Lyα and its He-like satellites, and (b), the Heβ and its satellites, between the present model (red solid
lines) and experimental data (black and blue solid lines) of Saemann et al [13]. The present results of (300 eV, 1 g cm−3 , Ne ≈ 2.4 × 1023 )
and (300 eV, 5 g cm−3 , Ne ≈ 1.1 × 1024 ) are plotted in the top and bottom parts of the figure, respectively. In the inset of the top part of (a),
the blue line shows the experimental result of the so-called low-density plasma.

ions. It is expected that average charge increases again at
higher density due to competition between the recombination
and the pressure ionizing processes. It can be estimated
that the ionized electron number density at 20 g cm−3 and
300 eV is approximately 5 × 1024 cm−3 , and according to
equation (15), the degeneracy temperature is about 100 eV
well below 300 eV. Therefore, the quantum degeneracy effect
in the present temperature and density region is not very
considerable. From the highest bound orbital radius below
the ionization threshold, it can be estimated that the Coulomb
interaction energy Ec between an ion and a near threshold
ionized electron is approximately |Ec | ≈ 100 eV at 20 g cm−3
and 300 eV and |Ec | ≈ 50 eV at 1 g cm−3 and 300 eV. The
average interaction potential energy between two electrons is
about one order less than |Ec |. Therefore, neglect of |Ec | when
solving the Saha equation could induce non-negligible errors
that must be corrected in further studies if the density is up to
20 g cm−3 .
Comparisons with experiments are made and shown in
figure 6. Only a few experimental results were reported
in the literature on the emission and absorption spectra of
Al plasma [12, 13] in the density and temperature range of
the present study. The experimentalists [13] gave detailed
emission spectra including line broadening and shift around
Heβ, Lyα, and their Li and He like satellite transition lines.
The free electron number density and temperature in the
experiment were estimated to be 5–10 × 1023 and 300 eV,
respectively. Comparisons are made between the present
(300 eV, 1 g cm−3 , Ne ≈ 2.4 × 1023 ) and (300 eV, 5 g cm−3 ,
Ne ≈ 1.1 × 1024 ) results and experimental data. Because
relative intensity was obtained in the experiment, in order
to make the comparison, the continuum background in the
experimental data was subtracted and the present results

of bound–bound transitions are normalized according to
the experimental data. Broadening and shift of the Lyα
line provide information about the electron density. The
experimental data include both the so-called low-density and
high-density data. Dependence of the line broadening and shift
on the density was demonstrated clearly by the experiment.
As the strength and position of the free hydrogen-like Lyα
transition have been well known without uncertainties in both
theory and experiment, the comparison between theory and
experiment for plasma spectra can give direct examination
on the theoretical treatment about plasma effect and can also
give estimation about the plasma parameters. In the top part of
figure 6(a), one can find that position, broadening and strength
of the experimental low-density Lyα line are reproduced very
well by the present (300 eV, 1 g cm−3 , Ne ≈ 2.4 × 1023 )
calculation. Theory gives a 0.3 eV red shift compared to
the free ion Lyα line. From the top part of figures 6(a) and
(b), it can be seen that the red shifts and broadening of the
experimental high-density spectra are apparently larger than
the present (300 eV, 1 g cm−3 , Ne ≈ 2.4 × 1023 ) calculation.
From the bottom part of figures 6(a) and (b), one can see that
the red shifts of the experimental spectra are well predicted by
the present (300 eV, 5 g cm−3 , Ne ≈ 1.1 × 1024 ) calculation,
while the broadening was underestimated by theory. There
might be two main reasons responsible to the line broadening
difference between theory and experiment. The first one is
that the ion–ion dynamical interactions are not included in the
present model. The second one is that there may be electron
density nonuniformity in the experiment, which induces the
overlap of the spectra with different red shifts resulting in a
broader spectrum.
Figure 7 plots the calculated spectrally resolved opacity
with comparisons between the present and the AA models.
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Figure 7. Density dependence of radiative opacity of Al plasma at a temperature of 400 eV.

Taking the case of 1 g cm−3 and 400 eV as an example,
fine splits in the spectra and detailed information about the
transitions can be found from the results of the present
DLA model. The absorption structures in the photon energy
range of 1565–1599 eV and 1695–1750 eV are dominated
by 1s–2p transitions. These absorption structures split into
two groups: the first one is due to the transitions from
the ground configuration and the second one is due to the
satellite lines caused by the transitions from 1s2s and 1s2p
excited configurations. The absorption around 1863 eV is
due to 1s–3p transitions. The peak nearby 1950 eV is due
to the absorption of 1s–4p transitions. The absorption above
2030 eV is mainly attributed to the satellite lines caused by
transitions of one electron from 1s orbital to 3p or 4p orbitals
from 1s2s and 1s2p excited configurations. The absorption
around 270 eV is mainly made by the L-shell transitions. The
M-shell transitions dominated the contributions near 140 eV.
More detailed information about the atomic processes can be
obtained from the DTA/DLA model. For example, the two fine
absorption peaks between 1700 eV and 1725 eV correspond
to the satellite lines of 1s2s–2s2p and 1s2p–2p2 transitions.
The final states of these kinds of satellite transitions locate
well above the ionization states and can autoionize to 1s l
states. It can also be seen as well that the average atom
model predicts the line broadening of the absorption peak
around 1600 eV being more than 400 eV at the present plasma
conditions, which is much larger than the value of only about
50 eV predicted by the present DLA model for the resonance
transitions from 1s to 2p orbitals contributed by all the ion
species. Experiments [11, 13] showed that the line broadening
of the corresponding absorption in the hot and solid-dense Al
plasmas is no more than 30 eV. It can be concluded that line
broadening is overestimated considerably by the AA model for
the present hot and solid-dense aluminium plasmas.
Figure 7 shows also changes of the calculated opacities
with three densities of 1, 5 and 20 g cm−3 . Taking the
absorptions in 1550–1598 eV and 1685–1725 eV as examples,

these two absorption peaks are broadened and become stronger
along with the density. Although the absorptions of AlXIII
around 1710 eV decrease with the decrease of its abundance,
the contributions of AlXII, AlXI and AlX increase much
more and merged together in the range of 1550–1597 eV
and 1685–1750 eV. Because of the strengthening of collision
among ions and electrons as a function of the matter density,
the electron impact broadening becomes a dominant one
in all the broadening mechanisms and dominates the line
shape function such as the Voigt Profile and the widths of
the spectral lines. So the total absorptions nearby the two
peaks increase and are broadened as well with the density.
With the increase of density, the line shift is apparent, and
the two corresponding peaks shift their maximum to lower
photon energy. For examples, the resonance transition from
1s to 2p locates at 1598.8, 1594.4 and 1584.2 eV for the
case of 1, 5 and 20 g cm−3 , respectively. Some absorption
peaks related to high-lying excited states disappear gradually
with increase of density, because of the ionization potential
depression. Generally, more complex ions have more energy
levels and more transition lines. So, even though one cannot
say definitely the difference for each transition rate of different
ions, in total, the more complex the ion is, the stronger the total
absorption and emission. On the basis of this fact, one can
understand the increase of the total absorption strength along
with the increase of density because more complex ions exist
in dense plasmas as shown in figure 4 before pressure induced
ionization occurs. For the same reason, one can understand
the temperature dependence of the total opacity shown next in
figure 8.
Figure 8 shows the changes of spectrally resolved opacity
with temperatures. When density is chosen, with increase
of temperature, the absorption lines from the K-shell around
1995 eV and L-shell around 270 eV move to higher photon
energies. There are two reasons responsible for this trend
of line shift. First, at a higher temperature, the localized
ionized electrons have larger kinetic energies to move to
8
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Figure 8. Temperature dependence of radiative opacity of Al plasma at a density of 5 g cm−3 .

that the Rosseland mean opacity depends sensitively on the
depth of the transmission windows of the spectrum, while the
Planck mean opacity is determined mainly by the strengths
of absorption peaks. The Planck mean opacity is not quite
sensitive to the line shapes, while the Rosseland mean opacity
strongly depends on the line shapes. Calculation of line
broadening using full quantum theory is so complex that it is
not applicable for the line-by-line simulation of hot and dense
plasmas. In many cases, one usually uses simplified formulae
based on empirical or semi-empirical approximations [48] for
the electron impact-induced line profile. So, more differences
among different models are usually found for Rosseland mean
opacity. Big differences for Planck mean opacity are only
found when uncertainties are involved in the accounting of
total transitions. The Planck mean opacities of the DTA/DLA
model are in good agreement with the results of the AA model
at a density of 0.2, 1, 5 and 20 g cm−3 . While, the Rosseland
mean opacities of the DTA/DLA model are systematically
smaller than the results of the AA model. In the present
DTA/DLA model, CI calculations to optimize the true atomic
energy levels are carried out. The method is more close to
the actual transition, and higher accuracy of mean opacity
can be obtained from it. The most important source for the
difference of Rosseland mean opacity between DTA/DLA and
AA models is the overestimated line broadening used in the
AA model, which fill fully the transmission windows between
the transition arrays.
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Figure 9. Comparisons of the radiative Rosseland and Planck mean
opacity of Al plasma at a temperature of kT = 400 eV between the
present results (DLA) and those of the AA model.

the outer region of the ion-sphere and make the screening
effect of ionized electrons smaller. As a result, the role
of quantum confinement becomes more important compared
to the screening effect. As mentioned above, the quantum
confinement effect is generally stronger for higher lying
states, so that spectral lines move to higher photon energies
with increase of temperature. Second, the mean ionization
degree increases with temperature. For instance, the average
ionization degrees are 10.1, 10.8 and 11.5 for temperatures
of 300 eV, 400 eV and 500 eV, respectively, when density
is 5 g cm−3 . The corresponding maximum fractions of
the ion are AlXI (41%), AlXII (44.6%) and AXIII (41%),
respectively. The changes of main species make the absorption
lines around 1995 and 270 eV move to a higher photon energy
as well.
Planck and Rosseland mean opacities are also calculated
and compared with the AA model in figure 9. It is well known

4. Conclusion
In conclusion, a self-consistent approach combining a
modified MCDF scheme for bound electrons with the ionized
electron screening and a proper consideration of ionization
balance in the plasma has been developed to make an
accurate calculation for radiative opacity of hot and soliddense plasmas. To validate this DTA/DLA model and study
the influence of the plasma environment on the opacity,
9
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spectrally resolved radiative opacity and Rosseland and Planck
means opacities are calculated. Results demonstrate that the
1s–2p transition array moves to low photon energies with
plasma density, leading to a red shift of the corresponding
absorption peaks. The ionization potential of ion species
in the plasma depresses with the density and the oscillator
strengths of the bound–bound transitions changes as well. All
the environmental-dependent atomic data have a significant
influence on the charge state fraction and spectrally resolved
opacity. Comparisons between the results of the present
model, the AA model and the existing experiments are made
to show that the environment effect as well as accurate lineby-line accounting is essential for description of the radiative
properties of hot and solid-dense plasmas.
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