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Abstract. The continuous optical spectrum of dense hydrogen plasma is modeled with
the complete quantum mechanical model based on the cut-off Coulomb potential. Here are
presented the results of calculation of a continuous optical spectra of dense hydrogen plasma
and compared with the experimental results obtained in “Laboratory for dense plasma”
at the Pierre et Marie Curie University in Paris. The cut-off Coulomb potential gives the
opportunity to model the most significant effects in dense plasma. The additional effects,
including some of time dependent, which influences the spectral characteristics, could be
easily added. This work is a continuation of previous works on conductivity of dense plasma
based on cut-off Coulomb potential.

1. Theory

In this work the results of calculations of con-
tinuous spectra photo absorption coefficients
are presented. They are given by

ktot(ω; Ne,T ) =
(
kb f (ω; Ne,T )+
k f f (ω; Ne,T )

)

·
[
1 − exp

(
− ~ωkT

)]
.

(1)

Here Ne is the electron concentration, while T
is electron temperature of investigated plasma.
The above coefficient is easily experimentally
measured, and it is known as a reduced ab-
sorption coefficient. In the equation (1) the
kb f (ω; Ne,T ) and k f f (ω; Ne,T ) are the partial
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bond-free and free-free absorption coefficients,
given by following equations

kb f (ω; Ne,T ) =
∑

n,l

Nnlσ(nl; E), (2)

k f f (ω; Ne,T ) = NiNe

∫ ∞

0
σ(E; E′)v f (v)dv. (3)

In those equations Nnl is the population of the
appropriate bound level state, Ni is the positive
ion concentration, and in the presented case
Ni = Ne, and f (v,T ) is the Maxwell distribu-
tion function.

For the calculation of the absorption coeffi-
cient it was necessary to calculate the appropri-
ate cross sections. The formulas for their cal-
culation are adopted from Igor Ilich Sobelman
(1963), and they are given by the terms

σ(nl; E) =
4π2e2k

3(2l + 1)

∑

l′=l±1

lmax

(∫
PnlrPEl′dr

)2

.(4)
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σ(E; E′) =
8π4

3
~e2k
q2

·
∑

l′=l±1

lmax

(∫
PE′l′rPEldr

)2

.
(5)

Here Pnl = rRnl is a solution for the bond
states of the radial part of Schrödinger equa-
tion with the Coulomb cut-off potential given
by Eq. (8), PEl and PE′l′ are the solutions for
the free states. The frequency for the bond-
free and free-free transitions are given by ~ω =
E′ − E(n, l) and ~ω = E′ − E respectively, and
k = ω/c, and also the momentum of the free
electron is given by q2 = 2mE.

The cross sections for the inverse processes
could be calculated by

q2σ(E; nl) = 2(2l + 1)k2σ(nl; E)

q2 =
2mE
~2 k =

√
2mE
~2 ,

(6)

and

q′2
dσ(E′; E)

dω
= q2 k2

π2σ(E; E′). (7)

Here q2 = 2mE/~2, q′2 = 2mE′/~2 and ~ω =
E′ − E.

The choice of a cut-off Coulomb potential,
mathematically represented as

UH(r) =


−e2

r
+

e2

rc
: 0 < r ≤ rc

0 : rc < r
, (8)

for the potential that describes the behavior
of dense hydrogen plasma is made because of
several reasons. In the equation (8) rc stands
for cut-off radius. The influence of a plasma
is averaged in temporal and spatial domain, so
it is possible to study only the quantum sys-
tem consisting of a single atom and a poten-
tial of the rest of the plasma. With the averag-
ing lot of processes are neglected in this figure,
but they could be additionally introduced. The
form of potential led us to dissolution on radial
and spherical space with adequate wave func-
tion dissolution, i.e.

|Ψ(r, θ, ϕ)〉 = |R(r)〉 ⊗ |Ym
l (θ, ϕ)〉, (9)

here |Ψ(r, θ, ϕ)〉 is a complete wave function
for a statical Schrödinger equation, |Ym

l (θ, ϕ)〉
is the spherical part which has well known so-
lutions, and the radial part |R(r)〉. The radial
part of a wave function has all the information
on plasma influence on atom.

The additional effects are introduced by the
use of a perturbation method. If the potential V̂
generates the perturbation of the known sys-
tem, i.e.

Ĥ|Ψ〉 + λV̂ |Ψ〉 = E|Ψ〉,
where λ is a small parameter, the solution |Ψ〉
and the energy E, for the first order approxima-
tion, are presented by the

|Ψ〉 = |Ψ(0)〉, E = E(0) + λE(1).

Here |Ψ(0)〉 and E(0) are the solutions for the
unperturbed Hamiltonian.

In the results shown here the spreading and
the shifting of the bond states are introduced.
Those effects are related to the Stark effect in-
duced by the closest neighbor ions in plasma.
The spreading is modeled as a Lorenz distribu-
tion

ρE(Enl, γ; E) =
1
π

γ/2
(Enl − E)2 + γ2/4

, (10)

and for the cross section calculated with the in-
troduced spreading yields equation

σ̃(nl; E) =

∫ 0

−Ehν

σ∗(nl; Ehν − E)

ρE(Enl, γ; E)dE.
(11)

Here σ∗(nl; Ehν − E) is a cross section for the
photo absorption from the lower energy level,
with the energy E and width dE, and with
the energy density ρE(Enl, γ; E) spread in the
vicinity of the energy of nonperturbed state
Enl. The wave function, in the first approxima-
tion, for this state is |nl〉.

With this approach the exact solutions for
the wave functions are obtained. Because they
are mathematically defined special functions
the calculation for the free-free cross section is
simplified and it is exact without any additional
mathematical or numerical approximation.
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Absorption coefficients for Ne = 1.5 1019 cm-3  T = 23000 K rc = 51.0655 a.u.

Experiment
ktot dE = 0 eV   δE = 0.4 eV
ktot dE = 0.3 eV δE = 0.4 eV
ktot dE = 0.5 eV δE = 0.4 eV
ktot dE = 0.6 eV δE = 0.4 eV

Fig. 1. Absorption spectra of dense hydrogen plasma, theoretical calculations and experimental data. Ne =

1.5 · 1019, T = 23000K, rc = 51.0655a.u..

The cut off radius rc and the spreading of
the wave function γ are the external parameters
of the theory

2. Results

In the figure 1 an example of the compari-
son between the experimental and the calcu-
lated values for the dense plasma is given.
Results presented here are taken from Vitel
et al. (2003). The method presented here gave
us possibility to adopt the adequate values for
the external parameters rc and energy level
shifting dE and broadening δE to fit the ex-
perimental data. Figure here presents the pos-
sibility of adjustment of the energy level shift
dE and presents a good illustration of exter-
nal parameter fitting of the experimental results
(same procedure is used for rc and δE).

3. Conclusions

The modelling of an optical spectra of dense
non-ideal plasma is a very difficult problem.

Unlike the dynamical characteristics of a dense
plasma, in the case of the optical properties
there is no good model that could describe the
behavior of a dense plasma, see for example
Kobzev et al. (1995a,b). Disadvantage of pre-
viously used methods for description of opti-
cal properties of dense plasma was either com-
plicated numerical procedure or the applica-
tion of a physical model for ideal or moder-
ately non ideal plasma in the area of dense,
highly non ideal plasma. In both cases the re-
sult was not easy applicable in practice. The
model presented here has three major advan-
tages over other methods. As first, all of the ap-
proximations of this model are introduced with
the physical definition of the model itself, this
means that there are no additional approxima-
tion in the mathematical procedure. The sec-
ond advantage is that the calculation of a free-
free part of continuous spectra is completely
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done without any additional mathematical or
numerical simplifications. And the third advan-
tage is that this method is a complete quan-
tum calculation with the analytical functions
for the solution of bound as well as free states.
Because of that there is a possibility to include
additional effects.
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