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Modeling the radiative properties of dense plasmas
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A model aimed at describing the electronic structure of hot dense plasmas is presented. This model is first
used to study the effect of the nearest neighbor interaction on the photoabsorptionK-edge position in a dense
fluorine plasma. Changes to the ionization potential lowering from the well-known ion sphere model@H.
Nguyenet al., Phys. Rev. A33, 1279~1986!# are obtained by the present approach for plasma density above
solid. We believe that this effect could be of importance in the calculation of the opacity of dense materials.
The present model also provides an alternative to the treatment of line broadening in very dense plasmas where
the average interionic spacing can be of the order of the spatial extent of the excited-state orbitals. To illustrate
this point, we present F Lyman-b line shapes for various density conditions.@S1063-651X~98!01707-3#

PACS number~s!: 52.25.Nr, 32.601i, 32.30.Rj, 52.50.Jm
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I. INTRODUCTION

There are many phenomena in astrophysics and ine
confinement fusion~ICF! that require an understanding o
the effect of high material densities on the physical proces
in a plasma. For example, the radiative properties of
dense plasmas are of interest in studies of stellar struc
and evolution@1,2#. The design of ICF targets to achieve
breaking even and gain also requires an accurate knowle
and understanding of the properties of such plasmas. Mo
of plasma behavior that work well for low densities are mo
questionable under these extreme conditions. We prese
this paper a model for describing the radiative properties
hot dense plasmas. We consider particularly the regim
which modifications of the interatomic potentials of the io
by other ions substantially modify effects on radiative pro
erties.

The electronic structure of a plasma ion depends on
interactions with the other plasma particles~ions and elec-
trons!. In standard line shape theories@3,4#, the electronic
structure is calculated by modeling the plasma by a se
independent cells, each containing a radiator andN perturb-
ers ~N ions1N8 free electrons!. The perturbers, considere
as point charged particles, are treated in classical mecha
whereas the radiator is described in the frame of the quan
theory. The influence of theN ions on the electron orbitals o
the radiator is then taken into account through an exte
field ~Stark effect!.

This representation is acceptable in the case of relativ
dilute plasmas, where the mean interionic spacingRi is much
greater than the typical spatial extentr n of the excited-state
orbitals. In very dense plasmas, whereRi may be of the order
of r n , this description is more questionable. Indeed one
in this case to take specifically into account the poss
overlapping of the most outer bound electron orbitals fr
PRE 581063-651X/98/58~1!/942~9!/$15.00
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neighboring ions. In this context, we believe that a bet
representation of the electronic structure is provided by
use of an (N11)-center molecular basis. We also point o
that such a description presents the strong advantage of
ing to an exact treatment of the multipolar interaction to
orders.

In our model we assume that the influence of the plas
ions on the individual atomic bound states is well rep
sented by the nearest neighbor~NN! interaction. We thus
carried out the electronic structure calculations settingN
11 equal to 2. The validity of this assumption is discuss
in this paper. Preliminary investigations of the electron
structure of dense plasmas in terms of two-center wave fu
tions were reported by Malnoultet al. @5#. In this study, the
uniform electron gas model was employed to assess the
fect of the electronic component of the plasma on bou
states, which is a description strictly valid for infinite ele
tron temperatures. In our work, in order to take into acco
finite temperature effects, a self-consistent description
bound and free charges is used.

We calculate in Sec. II the electronic structure of atwo-
center system~also hereafter called a ‘‘quasimolecule’’! em-
bedded in a dense plasma, consisting of a central ion
interest and its NN. To account for the distribution of inte
nuclear separations in a real plasma, configurational ave
ing of the two-center calculations is performed using m
lecular dynamics~MD! simulations. In Sec. III we use thes
exploratory calculations to draw some general conclusi
about the effect of the NN on the absorptionK-edge position
in dense fluorine plasmas. We more particularly investig
the change in the continuum-lowering energy resulting fr
our accurate treatment of the NN interaction. Finally w
present in Sec. IV a series of line shape calculations base
our modeling.

Before going further in the presentation of our model, w
942 © 1998 The American Physical Society
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would like to emphasize that, due to the large ionic velocit
involved, we do not consider in this work the possibility f
molecular states to be established~as in a molecule bound b
a chemical bond!.

II. SELF-CONSISTENT-FIELD DESCRIPTION FOR A
‘‘QUASIMOLECULE’’ EMBEDDED

IN A DENSE PLASMA

A. Description of the model

The model starts with the solution of the electronic part
the molecular Schro¨dinger equation in the Thomas-Fermi a
erage potential and the calculation of the average o
electron properties~orbital energies, oscillator strengths!. A
cylindrically symmetric confining volumeV is defined from
the particular ionic equipotential that satisfies the electr
neutrality condition. Details about the calculation ofV can be
found in the work from Malnoultet al. @5#. In the present
work, in order to include finite temperature effects, a se
consistent description for bound and free charges is u
More specifically, the total electrostatic potential genera
in the confining cell by electrons and ions is obtained fro
the nonlinear Poisson equation:

DVtot~l,m,w;R!54pFnf@Vtot~l,m,w;R!#

1nb2 (
i 51,2

Zid~rW2rW i !G ~1a!

with the Dirichlet boundary condition:

Vtot~confining surface!50. ~1b!

In Eq. ~1a! nf and nb are respectively the free and boun
electron charge densities. The elliptical coordinates~l,m,w!
are used. They are related to the distancer i of the bound
electron from either of the nuclei of chargeZi by

l5
r 11r 2

R
, l5@1,1`#,

m5
r 12r 2

R
, m5@21,11#, ~2!

wP@0,2p#.

The distanceR is the internuclear separation. In elliptic
coordinates, the element of volume is

dt5
R3

8
~l22m2!dl dm dw ~3!

and the Laplacian is given by

D5
4

R2~l22m2! F ]

]l
~l221!

]

]l
1

]

]m
~12m2!

]

]m

1
~l22m2!

~l221!~12m2!

]2

]w2G . ~4!
s

f

e-

l

-
d.
d

Because the system is invariant under rotation around
internuclear axis, the potential is in practice independen
the azimuthal anglew. For electron temperature much great
than the plasma Fermi temperature, the Thomas-Fermi f
electron distribution can be expressed in terms of the t
electrostatic potentialVtot by @6#

nf~l,m,w;R!5
NeB~l,m,w;R!

1

V *B~l,m,w;R!dt

,

B~l,m,w;R!5
2

Ap
u01eu0

2
erfc~u0!, ~5!

u05S Vtot

kTe
D 1/2

,

where erfc(x) is the complementary error function@7#. Ne
and Te are, respectively, the mean electron density and
electron temperature. The bound electron eigenvalues
wave functions are obtained by solving the Schro¨dinger
equation

@H02V~l,m,w;R!#fnlm~l,m,w;R!

5Enlm~R!fnlm~l,m,w;R!,

H052
D

2
1

Z1Z2

R
1

2l~Z11Z2!12m~Z12Z2!

R~l22m2!
, ~6!

V5Vtot2Vb .

In Eq. ~6!, Enlm(R) is the bound electron energy in the Bor
Oppenheimer approximation andfnlm is the electron wave
function with the corresponding spherical quantum numb
defined in the limitR50. Vb is the bound electron potentia
energy. The HamiltonianH0 corresponds to the pure one
electron diatomic molecule free from plasma effects. Eq
tions ~1! and ~6! are solved self-consistently for bound an
free charges. At each iteration and for a given internucl
separation, the Poisson equation is solved according to
nite difference scheme at the nodes of a two-dimensio
variable step elliptical mesh covering the whole confini
volume. The eigenfunctionsfnlm are taken as a linear com
bination of a set of 40 eigenfunctionsfnlm

(0) of H0 corre-
sponding to the 40 lowest eigenvaluesEnlm

(0) (R) of the pure
one-electron diatomic molecule, namely,

fa5$nlm%5 (
a85$n8 l 8m8%

aaa8~R!fa8
~0! . ~7!

The eigenfunctionsfnlm
(0) and eigenvaluesEnlm

(0) (R) are com-
puted using a molecular physics code@8# in which the Schro¨-
dinger equationH0 fnlm

(0) 5Enlm
(0) (R) fnlm

(0) is split in two ~so-
called ‘‘inner’’ and ‘‘outer’’! coupled equations@9,10#. A
variational method is thus applied to compute the bound
ergy levelsEnlm(R).
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B. First results

We show in Table I the variation of the electron dens
ne

(0) on the confining surface as a function of the electr
temperature. Calculations were performed for aF81 and a
F91 ion separated byR54 a.u. The mean electron densi
was Ne5231023 cm23. As the temperature increases t
calculation tends to the uniform electron gas lim
(ne

(0)/Ne51).
We also present in Fig. 1 views of the equipotential s

faces of the total self-consistent electrostatic potentialVtot
generated by bound and free charges in the confining
Calculations concern again a (F81, F91) structure embedded
in a dense (Ne5231023 cm23) hot (Te5300 eV) plasma.
Two internuclear separations are considered:R58 a.u.~up-
per graph! andR54 a.u.~lower graph!. For the largest dis-
tanceR considered here, it can be seen that electron scr
ing effects overwhelm the NN interaction. Indeed t
equipotential surfaces present an almost spherical symm
and the internuclear region is dominated by negative va
of the total potential. ForR54 a.u., the region of potentia
negative values disappears and the equipotential surface
quire a cylindrical symmetry. In these conditions the dist
tion of the ion wave functions is too great to be dealt w
standard spherically symmetric models.

III. IONIZATION POTENTIAL LOWERING IN HOT
DENSE PLASMAS

A. General considerations

In a plasma of finite density the potential distribution
and near a given ion is influenced not only by its own bou
electrons but also by free electrons and by neighboring io
The time-averaged effect of these perturbers is to alter the
of energy levels available to the ion in question. This effe
tively lowers all the ionization potentials and shifts the eq
librium occupation numbers in the direction of increased io
ization. This effect~so-called ‘‘pressure ionization’’! has
often been treated in a simplified way in the past within
ion sphere model, by assigning to each ion a sphere occ
ing the ion’s share of the total volume and containing the

TABLE I. Variation of the electron densityne
(0) on the bound-

ary of the confining cell as a function of the electron temperatu
The computations were performed for a F81 and a F91 ion separated
by R54 a.u. For these calculations the mean electron density
Ne5231023 cm23.

Te ~eV! ne
(0)/Ne

100 0.88

200 0.93

300 0.95

500 0.96

700 0.97

1000 0.98

1500 0.998

3000 1.00

` 1.00
n
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and enough free electrons to make the sphere’s net ch
zero. In this approach, inside the sphere the potential du
the contents of neighboring spheres is neglected. Thus, c
encounters between ions are disregarded, and the pictu
basically that of a crystal lattice. In other words, the on
time-averaged effect of plasma free electrons is considere
each confining cell. The quasimolecular approach gives
to significant improvements to the ISM because the avera
effect of the NN, as well as the effect of free electrons,
taken into account in the calculation of the continuu
lowering energy. However, as internuclear distances gre
than the plasma screening distance are probed, the two m
els come together. To illustrate this point, we compared
variation of the ground state energy of Ne91 as a function of
the electron temperature as calculated from the present
proach with the one obtained in the ISM model by Nguy

.

as

FIG. 1. Meridian lines of the equipotential surfaces relative
the total potentialVtot in the confining cell for two different inter-
nuclear distances:R58 a.u. ~upper graph! and R54 a.u. ~lower
graph!. Values of the potential indicated on the figure are expres
in atomic units. A quarter of the confining cell is represented. T
nuclei are located at~X50, Z56R/2!. The equipotential lines cor-
respond to a (F81, F91) two-center system in a dense (Ne52
31023 cm23) hot (Te5300 eV) plasma.
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et al. @11#. The computations were performed for an electr
densityNe51024 cm23. The agreement is good: the relativ
discrepancy between the two models is always less t
0.3%.

B. PhotoabsorptionK-edge position in a dense fluorine plasma

Figure 2 shows the variation of the ground-state energ
a H-like fluorine ion as a function of the distance between
ion and its NN in the plasma. The solid curve correspond
the case of a fluorine ion embedded in a high den
(Ne51023 cm23) high temperature (Te5300 eV) fluorine
plasma and the dashed curve corresponds to the gro
state of the same two-center structure but free from e
tron screening effects. The ground levelEK(R;1023

cm23, 300 eV) is less tightly bound in the presence
plasma free electrons as expected. For the solid curve
large internuclear separationsR the local field of the NN is
totally shielded by the plasma free electrons and the grou
state energy becomes independent ofR and identical to its
ISM value. At smaller internuclear distances~i.e., ,4 a.u.!
we observe an important variation of the ground-state ene
as the electron screening is not sufficient to shield the
interaction. We note that the lowering of the ionization p
tential is always larger in the ISM model.

A complete calculation of the edge position for a re
plasma requires configurational averaging of the two-ce
calculations. To do this, we computed from molecular d
namics simulations@12–14# the probabilityPNN(R) that a
central ion of interest is separated by the distanceR from its
NN in a fluorine plasma. An effective screened potential w
used for the ion-ion interaction, the interaction energy
tween two particles,i and j , being given by

FIG. 2. Variation of the ground-state energy of a H-like fluori
ion as a function of its distance from its NN in the plasma forNe

51023 cm23, Te5300 eV~solid line!, andNe50 ~dotted line!. The
value240.5 a.u. is the F81 ground-state energy~i.e.,2Z2/2!. In the
case of the finite electron density plasma, the F81 ground-state en-
ergy predicted by the ion sphere model~ISM! is progressively re-
covered asR increases. Significant corrections to the ISM ener
appear forR,4 a.u.
n
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w~rW !5
ZiZje

2

urWu
expS 2

urWu
Ls

D ,
~8!

urWu5urW i2rW j u.

In practice, different screening distancesLs have been tested
in our computations and the NN distributions were sho
not to depend significantly on this parameter. Results p
sented in the following were obtained for a screening d
tance equal to the ion sphere radiusR0 defined by
(4pR0

3/3)Ne1k5Z.
In Fig. 3 we present NN probability densities for a larg

range of electron densitiesNe from 1022 to 1025 cm23 and
for the same electron temperatureTe5300 eV. As the den-
sity increases, the distributions are strongly narrowed
displaced towards the origin.

For given values of the electron density and temperatu
the averaged over NN distances ground-state ene
I (Ne ,Te) is given by

I ~Ne ,Te!5

E
0

`

dR PNN~R;Ne ,Te!EK~R;Ne ,Te!

E
0

`

dR PNN~R;Ne ,Te!

. ~9!

Figure 4 shows the variation of this averaged ground-s
energy for H-like fluorine as a function of the electron de
sity. Results from the QM model are compared to the o
obtained in the ISM, also deduced from our two-center c
culations in the limit of large internuclear separations. It
seen that the QM model and the ISM come together at d
sities lower than 1023 cm23. The difference between the tw
models increases as the electron density increases, i.e.,

FIG. 3. Nearest neighbor probability densities in a fluori
plasma as computed from molecular dynamics simulations for
ferent electron densities ranging from 1022 to 1025 cm23. The cal-
culations were performed for the same electron temperatureTe

5300 eV). The distributions are normalized to unity.
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averaging is performed over internuclear separations sm
than the ion-sphere radius. In this case the neighboring fl
rine ion acts to increase the nuclear charge that the in
shell bound electron ‘‘sees’’ and this is a larger effect th
the introduction of the extra electronic charge inside ion v
ume. For an electron densityNe51025 cm23, the ionization
potential lowering as calculated from the present approac
70 eV smaller than the one deduced from the ISM calcu
tions.

IV. LINE SHAPES IN VERY DENSE PLASMAS

A. Theoretical approach

Equipped with the formalism described in Sec. II one h
all the tools required to compute line profiles that account
the change in the short-range atomic potentials induced
the NN interaction. In the following we consider a two
center system~F81, F91! embedded in a dense fluorin
plasma. We label by (ns ,l s ,ms) the original quantum num
bers of the ion F81, which are good quantum numbers in o
representation only forR→`.

Figure 5 shows the splitting due to the NN interaction
the ns53 energy level. The variation of the transition ene
gies is presented as a function of the internuclear dista
The energy of the transition F 3p-1s (236 a.u.) is chosen a
the reference zero energy. Calculations were performe
Fig. 5~b! for a mean electron densityNe5231023 cm23 and
for an electron temperatureTe5300 eV. These curves ar
compared to the ones in Fig. 5~a! for which the free electron
screening effects have been removed. It can be seen in
5~a! and 5~b! that at large NN distances (R.6 a.u.) the vari-
ous sublevels no longer depend onR and correspond to the
usual Stark components. Two major effects result from
shielding of the NN interaction by plasma free electrons
reduction of the level splitting is evident at large internucle
separations. This can be interpreted in terms of a reductio

FIG. 4. Average ground-state energy of H-like fluorine as
function of the plasma electron density. Quasimolecular~QM! com-
putations ~dotted line! are compared with results from the io
sphere model~solid line!. Calculations have been performed wi
Te5300 eV. The discrepancy between the two models beco
obvious forNe.1023 cm23.
ler
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the Stark effect. In addition, still for largeR, all the transi-
tion energies between excited levels and the ground state
reduced by the presence of the free electrons. This is
so-called ‘‘plasma polarization shift~PPS!.’’ We present in
Table II the PPS of the F Lyman-b line obtained in the QM
model for various plasma parameters. These results are c
pared to the ISM ones, computed by Nguyenet al. @11#. A
very good agreement is found.

es

FIG. 5. Variation, as a function of the distance from its near
neighbor, of the transition energies of a F18 ion. Electron screening
is considered in Fig. 6~b! ~for which Ne5231023 cm23 and
Te5300 eV! but not in Fig. 6~a! @the free-electron potential energ
term V has been set to zero in Eq.~6!#. Only transition energies
belonging to the spectral range of the F Ly-b line are represented
The F 3p-1s transition energy (236 a.u.) is the reference zer
energy. The transitions considered, labeled by the spherical q
tum numbersnlm and the parity~gerade ‘‘g’’ or ungerade ‘‘u’’ ! of
the upper state involved, are~a! 300g, ~b! 410u, ~c! 421g, ~d!
311u, ~e! 420g, ~f! 530u, ~g! 322g, ~h! 432u, ~i! 541g, ~j! 650u,
~k! 431u, ~l! 540g. The ground state is formed by the states 10g

and 210u . As a result of electron screening, we observe at la
internuclear separations both a reduction of the Stark effect an
shift of all the transitions in the direction of lower energies.
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In the quasistatic theory the line profile corresponding t
transition from a group of upper levelsa5$nlm% to a group
of lower levelsb5$n8l 8m8% is given by@15#

I ~v!5(
ab

E
0

`

@dR PNN~R;Ne ,Te! f ab~R;Ne ,Te!

3d„v2DEab~R;Ne ,Te!…#. ~10!

For given plasma parameters (Ne ,Te), PNN(R) is the NN
probability density andDEab(R) is the transition energy
The oscillator strengthf ab(R) of the transitiona→b is de-
fined by

f ab~R!5@Ea~R!2Eb~R!#u^fa5$nlm%urWufb5$n8 l 8m8%&u
2

[DEab~R!dab
2 ~R!. ~11!

The line shape formula~10! relies on two well-defined ap
proximations. First it is assumed that the influence of
surrounding plasma ions on the atomic orbitals is well r
resented by the only nearest neighbor interaction. We
probe the validity of this assumption later in this paper~see
Sec. IV B! on the basis of molecular dynamics microfie
simulations. Second, the quasistatic approximation~namely,
the change in the ionic configuration is negligible during
radiative deexcitation! is assumed to hold true. This is vali
because for the plasma parameters considered in this w
where the ionic and electronic temperatures are the same
nuclear velocities are much smaller than both the bound
free electronic velocities. Using the form~7! of the electron
wave functions, the dipolar matrix elementsdab can be ex-
pressed as

dab~R!5K (
a8

aaa8~R!fa8
~0!UrWU(

b8
abb8~R!fb8

~0!L .

~12!

Defining the dipolar matrix elementda8b8
(0) (R) corresponding

to the pure one-electron diatomic molecule by

da8b8
~0!

~R!5^fa8
~0!urWufb8

~0!& ~13!

we have

dab~R!5 (
a8b8

aaa8~R!abb8~R!da8b8
~0!

~R!. ~14!

TABLE II. Plasma polarization shift~in a.u.! of the F Ly-b line
for different plasma parameters. Our results are compared to
ones reported by Nguyenet al. @11# ~in brackets!.

Te ~eV! \ Ne ~cm23! 1023 231023 331023

300 20.11 20.212 20.33

@20.11# @20.217# @20.33#

600 20.093 20.18 20.28

@20.092# @20.184# @20.276#
a

e
-

ill

rk,
the
d

In elliptical coordinates the different components of the
polar operatorrW are given by

x5
R

2
A~l221!~12m2!cosw,

y5
R

2
A~l221!~12m2! sin w, ~15!

z5
R

2
lm.

These expressions lead to the selection rulesDm50 for the
so-called ‘‘parallel transitions’’~i.e., z transitions! and Dm
561 for the so-called ‘‘perpendicular transitions’’~i.e., x
andy transitions! @16#.

Figure 6 shows the variation of the unperturb
da8b8

(0) (R) ~solid lines! and perturbed by plasma~dotted lines!
dab(R) dipolar matrix elements of the transitions consider
in Fig. 5 as a function of the NN distance. The plasma c
ditions considered here are againNe5231023 cm23 and
Te5300 eV. Significant differences betweenda8b8

(0) (R) and
dab(R) appear only at large internuclear separations.

To compute realistic line shapes we considered the e
tron collisional broadening of the various sublevelsEa(R).
In the well-known impact approximation@15# and disregard-
ing strong collision corrections, the electron broadening
eratorG is given ~in atomic units! by @15,17#

G5
4p

3
NeS 2

pTe
D 1/2

~rW•rW !lnF Z

ns
2 S Te

4pNe
D 1/2G , ~16!

where the operatorrW•rW represents the dipole-dipole intera
tion. We express each of the molecular states previously
beled by the spherical quantum numbers (nlm) in terms of
the parabolic quantum numbers (n1n2m). In this last repre-
sentation and neglecting the off-diagonal terms, the ma
elements ofrW•rW can be written as

FIG. 6. Variation of the dipolar matix elements of a F81 ion as
a function of the distance from its nearest neighbor forNe50 ~solid
lines! andNe5231023 cm23, Te5300 eV~dotted lines!. Notations
of Fig. 5 are used to label the various dipolar matrix elements.
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^n1n2murW•rWun1n2m&5(
l

@ u^n1n2munsl sm&u2

3^nsl smurW•rWunsl sm&#, ~17!

where (ns ,l s ,m) are the purely atomic quantum numbe
The Clebsch-Gordan coefficientŝn1n2munsl sm& are ex-
pressed in terms of 3j symbols as@18#

^n1n2munsl sm&5~21!
~2n21umu2m!

2

3~21!n21S ns21

2

ns21

2
l s

m1q

2

m2q

2
m
D ,

~18!

q5n22n1 .

In second-order perturbation theories@19,20#, the matrix el-
ements of the dipole-dipole interaction operator in t
(ns ,l s ,m) representation are

^nsl smurW•rWunsl sm&5
9ns

2

4Z2 ~ns
22 l s

22 l s21!. ~19!

B. Results and discussion

We present in Fig. 7 line profiles of F Lyman-b ~Ly-b!
at Te5300 eV for two electron density conditions,Ne553
1022 cm23 @curves ~a! and ~b!# and Ne5231023 cm23

@curves~c! and~d!#. Curves~a! and~d! include the effect of

FIG. 7. F Ly-b line profiles for different electron densitiesNe

and for a single electron temperature.Te5300 eV. Profiles~a! and
~b! result from calculations withNe5531022 cm23 and profiles~c!
and ~d! come from computations performed forNe52
31023 cm23. For profiles ~b! and ~c! electron screening effect
have not been included in the molecular physics calculation@the
potential energy termV has been set to zero in Eq.~6!# but have
been considered in the corresponding molecular dynamics sim
tions.
.

the shielding of the NN interaction by free electrons where
this influence has not been included in curves~b! and ~c!
@i.e., the potential energy termV has been removed from Eq
~6!#. Comparing profiles~a! and ~d! in Fig. 7, it is seen that
an increasing of the plasma density leads to changes bo
the line shape and in the position of its center of gravity. T
evolution of the line profile at large plasma densities resu
in fact from two separate effects, which have opposite c
tributions. On one hand, as the density becomes larger,
mean NN distance decreases and thus the splitting of
various sublevels is more important. This contributes to
increase in the full width at half maximum~FWHM! of the
line and shifts the two main components of this line aw
from the central dip~in the usual terminology, this is the
Stark effect!. On the other hand, as the density increas
plasma screening effects are enhanced. As previously
phasized~see Sec. IV A!, this leads to a reduction of th
Stark effect and to a global~plasma polarization! shift of the
line in the direction of lower energies. These last two effe
can be seen in the figure by comparing the profiles~a! and
~d! with the profiles~b! and ~c!, respectively. It is also im-
portant to note that the main shifting mechanism for the lo
energy component of the F Ly-b line ~i.e., the ‘‘red’’ com-
ponent! is the Stark effect whereas the high-ener
component of the line~i.e., the ‘‘blue’’ component! is
strongly influenced by PPS as well.

The main assumption of our model consists in the m
eling of the ion-ion interactions in terms of the only N
interaction. It is important to assess the error in the FWH
of the various profiles presented in Fig. 7 resulting from t
simplified treatment. To do this, we performed MD simul
tions. We computed the microfield distribution produced
a central ion of interest by its NN and compared this dis
bution to the one obtained in the case where all the plas
ionic perturbers are considered. Results are shown in Fig
The width of the Ly-b line is determined by the width of the
microfield distribution. We denote the difference in FWH
of the microfield distribution between that calculated on
including the NN and that resulting from all the ions
d(P1/2). The simulations indicate thatd(P1/2) is smallest
when the density is the highest@d(P1/2) is 25% for Ne55
31022 cm23, 18% for Ne5231023 cm23, and 14% forNe
51024 cm23#. This suggests that line shapes predicted by
QM model become more reliable as the density increase

A test of the model is also provided by a direct compa
son with standard line shape theories. To do this we used
code PIM PAM POUM ~PPP! @21# to compute FIX Ly-b line
profiles. This code is based on a two-step calculation: T
Stark profile is first determined using the usual quasist
and impact approximations for ions and electrons, resp
tively @15#. A frequency fluctuation model~FFM! @21,22# is
then applied to include the influence of ion dynamics on l
shape. We checked that this effect, not taken into accoun
the QM model, leads comparatively only to very minor a
terations of the line shapes at the plasma parameters co
ered in this work. Line profile calculations are reported
Fig. 9. ThePPPline shapes~solid line! are compared to the
QM profiles~dotted line! for large (Ne5231023 cm23) and
low (Ne51022 cm23) density conditions. A comparison be
tween the two approaches is relevant as long as the only
microfield distribution is used in thePPPsimulations. Doing

la-
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this, a very good agreement is found at low density, whe
in particular, the plasma free electrons have only a w
influence on the bound energy levels. We expected this re
since, in our model, when the density decreases~i.e., when

FIG. 8. Microfield distributions obtained from molecular d
namics simulations atNe5131024 cm23 @curves~a! and ~a8!#, Ne

5231023 cm23 @curves ~b! and ~b8!#, and Ne5531022 cm23

@curves~c! and~c8!#. F0 is the mean electron field given in terms
the mean interelectronic distancer e by F05e/r e

2. For a given
plasma condition, we compare the microfield distribution produ
on a central ion of interest by its nearest neighbor~solid lines! with
the one obtained in the situation where all the plasma ionic pert
ers are considered~dotted lines!.

FIG. 9. FIX Ly-b line shapes atTe5300 eV for Ne52
31023 cm23 @curves~a!# andNe51022 cm23 @curves~b!#. We com-
pare the line shapes obtained in the present model~solid lines! to
standardPIM, PAM, POUM simulations. In thePPP calculations the
nearest neighbor microfield distribution was used. The differ
profiles are area normalized.
e,
k
ult

the average NN distance is large!, the two-center bound
states become pure Stark energy levels~see also the energ
curves in Fig. 5 for largeR!. At larger density, it is seen tha
the high energy wing of the line is significantly shifted t
wards lower energies in the present approach. This resul
the modification of the spectral location of the center
gravity of the line and in a reduction of its FWHM. Thes
line shape comparisons show the important contribution
electron screening in our model.

The interpretation of emission spectra from laser-crea
plasmas is usually complicated by the fact that it is rar
possible in such experiments to eliminate temporal and s
tial gradients. Figure 10 gives an indication of what would
an experimental F Ly-b line shape including the effect o
integration over various plasma parameters. Integration
performed over two different density conditions:Ne55
31022 cm23 and Ne5231023 cm23. The appearance of a
satellite line on the low-energy wing of the profile is show
This spectral feature actually results from the combined
fects of integration and of the variation of the red compon
spectral location as a function of the density. We note t
the appearance of a bump on the low-energy wing of F Lyb
observed in massive target experiments@23#, and more re-
cently in colliding foil experiments@24,25#, is possibly the
experimental evidence of the effect discussed here.

V. CONCLUSION

We developed in this work a two-center model aimed
describing the electronic structure of dense plasmas. T
model has been used to probe the effect of ion-ion inter
tions on the lowering of the ionization potential. A signifi
cant reduction in the continuum-lowering depression h
been shown. Our work also leads to an alternative treatm
of line broadening relevant to plasma conditions where
overlapping of the excited-state orbitals from neighbori
ions is expected. Calculations performed at various dens
showed the sensitivity of our line shapes to electron scre
ing.

d

b-

t

FIG. 10. F Ly-b line profile resulting from an integration ove
two plasma conditions:Ne5531022 cm23, Te5300 eV andNe

5231023 cm23, Te5300 eV. The appearance of a satellitelike fe
ture on the low-energy wing of the line is shown and results fr
the shift of the line center at high density.
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We intend to include in a future work the contribution
electron dynamics in our line shape computations. This c
tribution is expected to reduce the~static! line shifts that
appear in our calculations@26,27#. We also intend to more
accurately quantify the influence of the second nearest ne
bor. This is essential to provide a solid basis for furth
analysis of the electronic structure of dense plasmas in te
of multicenter wave functions.
n-

h-
r
s
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