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In the present work we determine the ionization equilibrium of dense tungsten, aluminum and iron plasmas by
solving the Saha equations with corrections due to non-ideality. The lowering of the ionization potentials is
calculated on the basis of effective potentials by taking screening and quantum effects into account.
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1 Introduction

In this work effective potentials are applied to describe the interactions between the particles in the plasma. The
composition of dense plasmas (Al, Fe and W ) is determined that consist of electrons, ions and atoms.

The number density varies in the range ne = 1018 − 1023 cm−3 and the temperature domain considered here
is Te=104-106 K . It is convenient to characterize the plasma state with dimensionless parameters which follow
from the plasma parameters (number) density and temperature. The coupling parameter measures the potential
energy of the interactions between the heavy particles (ions) relative to their thermal energy: Γ = (Ze)2/akBT ,
where a = (3/4πn)

1/3 is the average distance between the particles. This parameter is varies in the range
Γ = 0.1 − 1. It is a weakly nonideal plasma. The electron density parameter is the average distance in units
of the Bohr radius: rs = a/aB , with aB = h2/mee

2. This parameter varies in the range rs = 2 − 20. The
degeneracy parameter Θ = kBT/EF for the electrons measures the ratio of their thermal energy kB T and the
Fermi energy EF . The condition Θ ≤ 1 corresponds to the state of weak and intermediate degeneracy. In the
Fig. 1. is presented the range of the investigating plasma.

Fig. 1 Region of investigation.
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2 Interaction models

On the basis of the method of the dielectric function an effective potential that takes into consideration quantum-
mechanical and screening effects was derived for the description of the interaction between the charged particles
in [1]:
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An effective potential was used to describe the ion–ion interaction [2]:
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Interaction between a charge and an atom in plasma is basically caused by effects of polarization and is of
short range character. The polarization potential was chosen as the potential of the charge–atom interaction in a
partially ionized plasma [3]:

Φsa(r) =
e2αP

2r4
√
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ee/r
2
D
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)
, (4)

where αP is the polarization of an atom. It is supposed that diffraction effects are also taken into account in
considerations of atom-electron interactions. All effective potentials can be used when λei < rD/2.

3 Ionization equilibrium and composition of dense semiclassical plasma

For the determination of the composition of partially ionized plasma we use the chemical model assumes that the
plasma consists of electrons, ions and atoms [4,5]. Within the limits of chemical picture the following ionization
processes take place in such dense plasma for Al, Fe and W :

Al→←Al1+ + e; Al1+→←Al2+ + e; ..., Al10+→←Al11+ + e;
Fe→← Fe1+ + e; Fe1+→← Fe2+ + e; ..., F e10+→← Fe11+ + e;
W →←W 1+ + e; W 1+→←W 2+ + e; W 2+→←W 3+ + e.

(5)

The system of Saha equations for the calculation of the plasma composition for other elements (Fe,Al,W )
with maximal ionization state k can then be written in the following form:
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β(μid

e + E1+
ion +Δμ1)

]
n1+ = g1+

g2+
n2+ exp

[
β(μid

e + E2+
ion +Δμ2)

]
....

n(k−1)+ =
g(k−1)+

gk+
nk+ exp

[
β(μid

e + Ek+
ion +Δμk+)

]
,

(6)

where β = 1/kBT . The values Δμk = μnonid
e + μnonid

k − μnonid
k−1 are corrections due to the non-ideality of the

plasma, which were calculated on the basis of the effective interaction potentials (1)-(4).
In order to solve the system of Saha equations, we have to consider two further equations, conservation of the

number of nuclei and charge neutrality in system:
∑
k=1

nk + n0 = const,
∑
k=1

knk = ne. (7)
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The contribution from the polarization of neutral atoms ”a” = Al, Fe,W was calculated via the linearized
virial coefficient for the interaction of electrons with atoms (4):

μnonid
ea = n0

aB
PP , BPP =

∫
Φea(r) d

3r. (8)

Introducing the ionized coefficient as the ratio of the number of free electrons, ions and atoms to the total
number of nuclei ni + n0 in system:

αe =
ne

(n0 + ni)
, αk+ =

nk+

(n0 + ni)
. (9)

Based on this formalism we have calculated the composition of dense Al, Fe and W plasmas.

Fig. 2 Composition of non-ideal Al plasma at a constant
density of n = 1020, cm−3 as function of temperature.

Fig. 3 Composition of non-ideal Fe plasma at a constant
density of n = 1020, cm−3 as function of temperature.

Fig. 4 Composition of non-ideal W plasma at a constant
density of n = 1020, cm−3 as function of temperature.

We have solved the system of equations (5)-(9) numerically and present the results in Figs. 2-4. Fig. 2 present
the curves for the relative fractions of particles versus the temperature for dense Al plasma at n = 1020cm−3

with maximal ionization state 11. The plasma composition of Fe is presented in Fig. 3 at n = 1020cm−3 with
maximal ionization state 11 . The plasma composition of W is presented in Fig. 4 at n = 1020cm−3 with
maximal ionization state 3 .
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4 Conclusion

On the basis of our results we can conclude that the pseudopotential model that takes into account quantum
diffraction as well as screening effects can be used for an efficient calculation of the plasma composition in a
wide region of densities and temperatures.
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