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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 photoabsétgibge position in a dense
fluorine plasma. Changes to the ionization potential lowering from the well-known ion sphere frbdel
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 Lymag-ine shapes for various density conditiopS§1063-651X98)01707-3

PACS numbegps): 52.25.Nr, 32.66-i, 32.30.Rj, 52.50.Jm

I. INTRODUCTION neighboring ions. In this context, we believe that a better
representation of the electronic structure is provided by the
There are many phenomena in astrophysics and inertialse of an N+ 1)-center molecular basis. We also point out
confinement fusion(ICF) that require an understanding of that such a description presents the strong advantage of lead-
the effect of high material densities on the physical processesg to an exact treatment of the multipolar interaction to all
in a plasma. For example, the radiative properties of hobrders.
dense plasmas are of interest in studies of stellar structure In our model we assume that the influence of the plasma
and evolution[1,2]. The design of ICF targets to achieve aions on the individual atomic bound states is well repre-
breaking even and gain also requires an accurate knowledgented by the nearest neighb@N) interaction. We thus
and understanding of the properties of such plasmas. Modetsarried out the electronic structure calculations settiig
of plasma behavior that work well for low densities are more+1 equal to 2. The validity of this assumption is discussed
guestionable under these extreme conditions. We present in this paper. Preliminary investigations of the electronic
this paper a model for describing the radiative properties oftructure of dense plasmas in terms of two-center wave func-
hot dense plasmas. We consider particularly the regime itions were reported by Malnoudt al.[5]. In this study, the
which modifications of the interatomic potentials of the ionsuniform electron gas model was employed to assess the ef-
by other ions substantially modify effects on radiative prop-fect of the electronic component of the plasma on bound
erties. states, which is a description strictly valid for infinite elec-
The electronic structure of a plasma ion depends on itsron temperatures. In our work, in order to take into account
interactions with the other plasma particlésns and elec- finite temperature effects, a self-consistent description for
trons. In standard line shape theorig€3,4], the electronic bound and free charges is used.
structure is calculated by modeling the plasma by a set of We calculate in Sec. Il the electronic structure ofm-
independent cells, each containing a radiator Wnglerturb-  center systenfalso hereafter called a “quasimoleculegm-
ers (N ions+ N’ free electrons The perturbers, considered bedded in a dense plasma, consisting of a central ion of
as point charged particles, are treated in classical mechanidsterest and its NN. To account for the distribution of inter-
whereas the radiator is described in the frame of the quantumuclear separations in a real plasma, configurational averag-
theory. The influence of thl ions on the electron orbitals of ing of the two-center calculations is performed using mo-
the radiator is then taken into account through an externdecular dynamic§MD) simulations. In Sec. Il we use these
field (Stark effect. exploratory calculations to draw some general conclusions
This representation is acceptable in the case of relativelgbout the effect of the NN on the absorptiéredge position
dilute plasmas, where the mean interionic spaéthg much in dense fluorine plasmas. We more particularly investigate
greater than the typical spatial extentof the excited-state the change in the continuum-lowering energy resulting from
orbitals. In very dense plasmas, wh&emay be of the order our accurate treatment of the NN interaction. Finally we
of r,,, this description is more questionable. Indeed one hapresent in Sec. IV a series of line shape calculations based on
in this case to take specifically into account the possibleour modeling.
overlapping of the most outer bound electron orbitals from Before going further in the presentation of our model, we
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would like to emphasize that, due to the large ionic velocitieBecause the system is invariant under rotation around the
involved, we do not consider in this work the possibility for internuclear axis, the potential is in practice independent of
molecular states to be establish@d in a molecule bound by the azimuthal angle. For electron temperature much greater

a chemical bond than the plasma Fermi temperature, the Thomas-Fermi free-
electron distribution can be expressed in terms of the total
Il. SELF-CONSISTENT-FIELD DESCRIPTION FOR A electrostatic potentiaVy by [6]
“QUASIMOLECULE” EMBEDDED
IN A DENSE PLASMA ' NeB(N, 1, @;R)
o N\, @i R)= 7 :
A. Description of the model 5 B\, ,@;R)d 7

The model starts with the solution of the electronic part of
the molecular Schidinger equation in the Thomas-Fermi av- )
erage potential and the calculation of the average one- oy w2
electron propertiegorbital energies, oscillator strengih#\ B m,@:R)= \/_; Uo + €0 erfo(Uo), ®)
cylindrically symmetric confining volume is defined from
the particular ionic equipotential that satisfies the electrical V.| 12
neutrality condition. Details about the calculationofan be o=( t‘”) ,
found in the work from Malnouliet al. [5]. In the present
work, in order to include finite temperature effects, a self-
consistent description for bound and free charges is usedvhere erfck) is the complementary error functid]. N
More specifically, the total electrostatic potential generated@nd T, are, respectively, the mean electron density and the
in the confining cell by electrons and ions is obtained fromelectron temperature. The bound electron eigenvalues and

kTe

the nonlinear Poisson equation: wave functions are obtained by solving the Schnger
equation
AVig(N u,@;R) =4 ne[ VoA, 1, 05 R
o Ropto 91 R) = 4T M Violo 1 £3R) [Ho=VO\st, iR 1 dim(h i, 93 R)
+n,— >, zia(r—ri)} (1a) =Enim(R) dnim(N, 11,03 R),
i=12
A 212, 2N(Z1+Zy)+2u(Z,—Z
with the Dirichlet boundary condition: Ho=— =+ 172 (Zy 2)2 ’“2( 1 2), (6)
2 R R(AZ—u?)
Vo confining surfacg=0. (1b)
V=V~ Vy.

In Eq. (1@ n; andn, are respectively the free and bound
electron charge densities. The elliptical coordinateg.,¢)  In Eq.(6), E,m(R) is the bound electron energy in the Born-
are used. They are related to the distancef the bound  Oppenheimer approximation ang},, is the electron wave
electron from either of the nuclei of char@e by function with the corresponding spherical quantum numbers
defined in the limitR=0. V,, is the bound electron potential
energy. The Hamiltoniatd, corresponds to the pure one-
electron diatomic molecule free from plasma effects. Equa-
tions (1) and (6) are solved self-consistently for bound and
=T, free charges. At each iteration and for a given internuclear
n="g p=[—1,+1], (2 separation, the Poisson equation is solved according to a fi-
nite difference scheme at the nodes of a two-dimensional
variable step elliptical mesh covering the whole confining
¢e[0,27]. volume. The eigenfunctiong,,, are taken as a linear com-
bination of a set of 40 eigenfunctions(%) of H, corre-
sponding to the 40 lowest eigenvalugS) (R) of the pure
one-electron diatomic molecule, namely,

r{+r,
"R

A AN=[1,+0o°],

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

R3
dr=—— (\2— u2)d\ du do 3)
8 ¢a:{nlm}: E

o' ={n'1'm’}

A (R) 'Y (7

and the Laplacian is given by
The eigenfunctiong(®) and eigenvalueg(%) (R) are com-
) d 5 puted using a molecular physics cdégin which the Schre
o A mD oet u (1=p%) o dinger equatiorH, ¢, =E©) (R) ¢ is split in two (so-
called “inner” and “outer”) coupled equation$9,10]. A
variational method is thus applied to compute the bound en-
ergy levelsE,;(R).

_ 4

TR\ p?)
()\Z_MZ) (92

(N2=1)(1—u?) 9%

A

J’_

(4)
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TABLE I. Variation of the electron density.(”) on the bound- 0.0
ary of the confining cell as a function of the electron temperature. 015
The computations were performed for & Fand a B* ion separated )
by R=4 a.u. For these calculations the mean electron density was
Ne=2%x10" cm3,

2.0
T, (V) ne?/N,

Z (a.u.)

100 0.88 ]
200 0.93
300 0.95 4.0
500 0.96
700 0.97
1000 0.98 0.0
1500 0.998
3000 1.00
0 1.00

B. First results

We show in Table | the variation of the electron density
n.® on the confining surface as a function of the electron
temperature. Calculations were performed foF& and a
F°* ion separated bR=4 a.u. The mean electron density
was Ng=2x102cm 3. As the temperature increases the
calculation tends to the uniform electron gas limit
(n@/N=1).

We also present in Fig. 1 views of the equipotential sur-
faces of the total self-consistent electrostatic potentigl
generated by bound and free charges in the confining cell.
Calculations concern again a§'F F°*) structure embedded
in a dense e=2%10?®cm3) hot (T,=300 eV) plasma. 0.0 20 4.0
Two internuclear separations are considefi®e:8 a.u. (up- X (au)
per graph and R=4 a.u.(lower graph. For the largest dis-
f[anceR considered here, it can be §een th‘.”‘t electron SCre€lke total potentiaV,, in the confining cell for two different inter-
ing 'effects., overwhelm the NN interaction. 'Indeed the uclear distancesR=8 a.u. (upper graph and R=4 a.u. (lower
equipotential surfaces present an almost spherical symmetgyany . values of the potential indicated on the figure are expressed
and the internuclear region is dominated by negative valueg, atomic units. A quarter of the confining cell is represented. The
of the total potential. FoOR=4 a.u., the region of potential nyclei are located aX=0, Z= +R/2). The equipotential lines cor-
negative values disappears and the equipotential surfaces agspond to a (¥, F°*) two-center system in a densdl{=2
quire a cylindrical symmetry. In these conditions the distor-x 10? cm=3) hot (T.=300 eV) plasma.
tion of the ion wave functions is too great to be dealt with
standard spherically symmetric models.

Z (au.)

FIG. 1. Meridian lines of the equipotential surfaces relative to

and enough free electrons to make the sphere’s net charge
I1. IONIZATION POTENTIAL LOWERING IN HOT zero. In this approach, inside the sphere the potential due to
DENSE PLASMAS the contents of neighboring spheres is neglected. Thus, close
encounters between ions are disregarded, and the picture is
basically that of a crystal lattice. In other words, the only
In a plasma of finite density the potential distribution in time-averaged effect of plasma free electrons is considered in
and near a given ion is influenced not only by its own boundeach confining cell. The quasimolecular approach gives rise
electrons but also by free electrons and by neighboring iongo significant improvements to the ISM because the averaged
The time-averaged effect of these perturbers is to alter the seffect of the NN, as well as the effect of free electrons, is
of energy levels available to the ion in question. This effectaken into account in the calculation of the continuum-
tively lowers all the ionization potentials and shifts the equi-lowering energy. However, as internuclear distances greater
librium occupation numbers in the direction of increased ionthan the plasma screening distance are probed, the two mod-
ization. This effect(so-called “pressure ionization”has els come together. To illustrate this point, we compared the
often been treated in a simplified way in the past within thevariation of the ground state energy of Neas a function of
ion sphere model, by assigning to each ion a sphere occupyhe electron temperature as calculated from the present ap-
ing the ion’s share of the total volume and containing the ionproach with the one obtained in the ISM model by Nguyen

A. General considerations
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FIG. 2. Variation of the ground-state energy of a H-like fluorine 0 ; : L
ion as a function of its distance from its NN in the plasma Kgyr 0 5 10 15 20
=10 cm™3, T,=300 eV(solid line), andN,= 0 (dotted lind. The R(au)

value—40.5 a.u. is the ¥ ground-state energj.e., — Z?/2). In the
case of the finite electron density plasma, tfié round-state en-
ergy predicted by the ion sphere modEM) is progressively re-
covered aR increases. Significant corrections to the ISM energy
appear forR<4 a.u.

FIG. 3. Nearest neighbor probability densities in a fluorine
plasma as computed from molecular dynamics simulations for dif-
ferent electron densities ranging from?4@o 10*° cm 3. The cal-
culations were performed for the same electron temperaflige (
=300 eV). The distributions are normalized to unity.

et al.[11]. The computations were performed for an electron yAv4 e2 ||

densityN,=10°* cm 3. The agreement is good: the relative e(h)= 7] exp< - —)

discrepancy between the two models is always less than S (8)
0.3%. |F|=|Fi—F].

B. Photoabsorption K-edge position in a dense fluorine plasma  In practice, different screening distandeshave been tested
Fi 5 sh h - fh q in our computations and the NN distributions were shown
Igure 2 shows the variation of the ground-state energy of,s 15 gepend significantly on this parameter. Results pre-

a H-like fluorine ion as a function of the distance between aryenteq in the following were obtained for a screening dis-
ion and its NN in the plasma. The solid curve corresponds tQgnce equal to the ion sphere radi®, defined by

the case of a fluorine ion embedded in a high denSity(47-rR8/3)Ne+k:Z.

(Ne=10%cm™®) high temperature =300 eV) fluorine In Fig. 3 we present NN probability densities for a large
plasma and the dashed curve corresponds to the grouRdnge of electron densitie, from 1072 to 10?° cm 3 and
state of the same two-center structure but free from elecfor the same electron temperatufg=300 eV. As the den-
tron screening effects. The ground levé,(R;10° sty increases, the distributions are strongly narrowed and
cm 3, 300eV) is less tightly bound in the presence of displaced towards the origin.

plasma free electrons as expected. For the solid curve, at For given values of the electron density and temperature,
large internuclear separatioRsthe local field of the NN is the averaged over NN distances ground-state energy
totally shielded by the plasma free electrons and the ground{N.,T,) is given by

state energy becomes independenRofnd identical to its

ISM value. At s_maller intern_uc_lear distancé®., <4 a.u) de Pun(R:Ng, To) Ex(R;Ng, To)

we observe an important variation of the ground-state energy 0

as the electron screening is not sufficient to shield the NN I(Ne, Te)= oc - 9
interaction. We note that the lowering of the ionization po- fo dR Pun(R;Ne, Te)

tential is always larger in the ISM model.

A complete calculation of the edge position for a realFigure 4 shows the variation of this averaged ground-state
plasma requires configurational averaging of the two-centegnergy for H-like fluorine as a function of the electron den-
calculations. To do this, we computed from molecular dy-sity. Results from the QM model are compared to the ones
namics simulationg12—14 the probability Pyy(R) that a  obtained in the ISM, also deduced from our two-center cal-
central ion of interest is separated by the distaRdeom its  culations in the limit of large internuclear separations. It is
NN in a fluorine plasma. An effective screened potential wasseen that the QM model and the ISM come together at den-
used for the ion-ion interaction, the interaction energy besities lower than 1% cm™3. The difference between the two
tween two particles, andj, being given by models increases as the electron density increases, i.e., when
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FIG. 4. Average ground-state energy of H-like fluorine as a
function of the plasma electron density. Quasimolec({#vl) com-
putations (dotted ling are compared with results from the ion 2 r
sphere mode(solid ling). Calculations have been performed with L
T.=300eV. The discrepancy between the two models becomes 1.5 {
obvious forNg> 10?3 cm 3, :

averaging is performed over internuclear separations smalle=
than the ion-sphere radius. In this case the neighboring quo-i
rine ion acts to increase the nuclear charge that the inne%
shell bound electron “sees” and this is a larger effect than w
the introduction of the extra electronic charge inside ion vol- 2
ume. For an electron density,=10?° cm~3, the ionization
potential lowering as calculated from the present approach is=
70 eV smaller than the one deduced from the ISM calcula-
tions.

ground

05 [

nlm

2 4 ) 6
IV. LINE SHAPES IN VERY DENSE PLASMAS Internuclear Distance R (a.u.)

A. Theoretical approach FIG. 5. Variation, as a function of the distance from its nearest

. . . . . neighbor, of the transition energies of @%on. Electron screenin
Equipped with the formalism described in Sec. Il one hasgg gonsidered in Fig. ®) (forg which Ng=2x10% cm™3 andg

all the tools r_equired to compute line profiles that qccount for‘re=300 eV} but not in Fig. 6a) [the free-electron potential energy
the change in the short-range atomic potentials induced birm v has been set to zero in E¢)]. Only transition energies
the NN interaction. In the following we consider a two- pelonging to the spectral range of the F Byiine are represented.
center system(F**, F°) embedded in a dense fluorine The F 3-1s transition energy 36 a.u.) is the reference zero

plasma. We label byr(,ls,ms) the original quantum num- energy. The transitions considered, labeled by the spherical quan-
bers of the ion E", which are good quantum numbers in our tum numbersiim and the parity(gerade ‘ty” or ungerade ‘u” ) of
representation only foR—oo. the upper state involved, arf@ 300y, (b) 41Qu, (c) 421g, (d)
Figure 5 shows the splitting due to the NN interaction of311u, (e) 420y, (f) 530u, (g) 3229, (h) 4324, (i) 541g, () 65Qu,
the n,=3 energy level. The variation of the transition ener- (k) 431u, (I) 540y. The ground state is formed by the states 100
gies is presented as a function of the internuclear distanc@nd 21Q. As a result of electron screening, we observe at large
The energy of the transition F81s (— 36 a.u.) is chosen as internuclear separations both a reduction of the Stark effect and a
the reference zero energy. Calculations were performed ighift of all the transitions in the direction of lower energies.
Fig. 5(b) for a mean electron density,=2x 10?3 cm 2 and
for an electron temperatur€,=300 eV. These curves are
compared to the ones in Fig(& for which the free electron the Stark effect. In addition, still for largr, all the transi-
screening effects have been removed. It can be seen in Figion energies between excited levels and the ground state are
5(a) and Jb) that at large NN distancefR(6 a.u.) the vari- reduced by the presence of the free electrons. This is the
ous sublevels no longer depend Brand correspond to the so-called “plasma polarization shifPPS.” We present in
usual Stark components. Two major effects result from thélable Il the PPS of the F Lymag#-ine obtained in the QM
shielding of the NN interaction by plasma free electrons. Amodel for various plasma parameters. These results are com-
reduction of the level splitting is evident at large internuclearpared to the ISM ones, computed by Nguyaral. [11]. A
separations. This can be interpreted in terms of a reduction ofery good agreement is found.
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TABLE II. Plasma polarization shiftin a.u) of the F Ly-8 line 0.06
for different plasma parameters. Our results are compared to the
ones reported by Nguyest al.[11] (in brackets.

0,05

0,02
[-0.092 [-0.184 [—0.276

Te (e\’)\ Ne (cm™) 1072 2x108  3x108 S o ]
g
300 —011  -0212 033 - ===
[-011 [-0217 [-0.33 z
600 ~0093 -018  -0.28 :
H
a

0,01

In the quasistatic theory the line profile corresponding to a
transition from a group of upper levels={nIm} to a group 0

’ . . 0 2 4 6 8 10
of lower Ievelsﬁz {nll m’} IS given by[15] Internuclear Distance R (a.u.)
_ * . . FIG. 6. Variation of the dipolar matix elements of &"Fon as
l(w)= % J'o [dR Pun(RiNe ’TE)f“B(R’ Ne,Te) a function of the distance from its nearest neighbomMg# 0 (solid

lines) andN,=2x 10 cm ™3, T,=300 eV(dotted line$. Notations
X 8(w—AE, (R Ng,Te))]. (10 of Fig. 5 are used to label the various dipolar matrix elements.

For given plasma parameterdld,T,), Pyn(R) is the NN
probability density andAE,z(R) is the transition energy.

The oscillator strengt, ,(R) of the transitiona— 3 is de- In elliptical coordinates the different components of the di-

polar operator are given by

fined by

R

fap(R)=[Ea(R) = E(RIN bamtoimy| Tl b p=nr17m))1? x=5 = 1)(1-p*)cose,
=AE4(R)d74(R). (1 R |
y=75 VO\*=1)(1-u? sin¢, (15)

The line shape formul&l0) relies on two well-defined ap-
proximations. First it is assumed that the influence of the R
surrounding plasma ions on the atomic orbitals is well rep- 2= A,

resented by the only nearest neighbor interaction. We will

probe the validity of this assumption later in this paf@e  These expressions lead to the selection rales=0 for the
Sec. IV B on the basis of molecular dynamics microfield spo-called “parallel transitions'{i.e., z transitions and Am
simulations. Second, the quasistatic approximatimamely, =+1 for the so-called “perpendicular transitionsf.e.,
the change in the ionic configuration is negligible during aandy transition3 [16].
radiative deexcitationis assumed to hold true. This is valid Figure 6 shows the variation of the unperturbed
because fqr the plasma par_ameters considered in this worh(f{)ﬁ,(R) (solid lineg and perturbed by plasnidotted line3
pv:cjtrez:hvee:82;tcieasngrglfr$ltjrc?hnI;:ngzrl?epretLa;lrjurgztar?hglf)SSr%eé;%ﬁ(R) dipolar matrix elements of the transitions considered
free electronic velocities. Using the for(d) of the electron M Fig. 5 as a function of the NN distance. The plasma con-

. o 9t ditions considered here are agai,=2x10%cm 3 and
wave functions, the dipolar matrix elementg; can be ex- T.—300 L . f0)
pressed as o= eV. Significant dlffe_rences betweely, ,(R) and

d,s(R) appear only at large internuclear separations.
To compute realistic line shapes we considered the elec-
2 agp(R) ¢i;0,)>. tron collisional broadening of the various sublevEIg(R).
B’ In the well-known impact approximatidri5] and disregard-
12 ing strong collision corrections, the electron broadening op-
eratorG is given(in atomic unitg by [15,17]

172
(F-F)In

I?

daB(R>=<2 8o (R) B

Defining the dipolar matrix elemenlfao,)ﬁ,(R) corresponding
to the pure one-electron diatomic molecule by r Am N ( 2
e

~ 3 wTe

. 1/2
n—g (—477Ne }, (16)
dyp (RI=(8 Il b)) (13 . o
“ “ where the operatof-r represents the dipole-dipole interac-
tion. We express each of the molecular states previously la-
beled by the spherical quantum numbendn{) in terms of
the parabolic quantum numbens;f,m). In this last repre-
d,s(R)= E aaa’(R)aB,B’(R)d(aO’)ﬂ’(R)' (14) sentation andaneglectlng_the off-diagonal terms, the matrix
a' g’ elements of - r can be written as

we have
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FIG. 7. F Ly line profiles for different electron densitiés,
and for a single electron temperatufe= 300 eV. Profileqa) and
(b) result from calculations withN,=5% 10?2 cm™2 and profiles(c)
and (d) come from computations performed foiN,=2
X 107 cm 3. For profiles (b) and (c) electron screening effects
have not been included in the molecular physics calculdtiba
potential energy ternv has been set to zero in E)] but have
been considered in the corresponding molecular dynamics simul
tions.

(ninm|f-Flngn,m)y = Z [[{nnm|ndl sm>|2

X<ns|3m|r'ﬁlnslsm>]: (17)

where fg,ls,m) are the purely atomic quantum numbers.
The Clebsch-Gordan coefficients;n,m|ngd m) are ex-
pressed in terms ofj3symbols ag18]

(2ny+|m[—m)

<nln2m|ns| sm>:(_1) 2

ng—1 n,—1

ls
2 2
X" m+q m-— '
2q 2q m
(18)
gq=nz—n;.

In second-order perturbation theorig®,20], the matrix el-
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the shielding of the NN interaction by free electrons whereas
this influence has not been included in cur¥bs and (c)

[i.e., the potential energy terh has been removed from Eq.
(6)]. Comparing profilega) and (d) in Fig. 7, it is seen that

an increasing of the plasma density leads to changes both in
the line shape and in the position of its center of gravity. The
evolution of the line profile at large plasma densities results
in fact from two separate effects, which have opposite con-
tributions. On one hand, as the density becomes larger, the
mean NN distance decreases and thus the splitting of the
various sublevels is more important. This contributes to an
increase in the full width at half maximuiWHM) of the

line and shifts the two main components of this line away
from the central dip(in the usual terminology, this is the
Stark effect. On the other hand, as the density increases,
plasma screening effects are enhanced. As previously em-
phasized(see Sec. IV A, this leads to a reduction of the
Stark effect and to a glob#plasma polarizationshift of the

line in the direction of lower energies. These last two effects
can be seen in the figure by comparing the profiysand

(d) with the profiles(b) and (c), respectively. It is also im-
portant to note that the main shifting mechanism for the low-
energy component of the F Lg-line (i.e., the “red” com-
ponenj is the Stark effect whereas the high-energy
component of the linei.e., the “blue” component is
as_trongly influenced by PPS as well.

The main assumption of our model consists in the mod-
eling of the ion-ion interactions in terms of the only NN
interaction. It is important to assess the error in the FWHM
of the various profiles presented in Fig. 7 resulting from this
simplified treatment. To do this, we performed MD simula-
tions. We computed the microfield distribution produced on
a central ion of interest by its NN and compared this distri-
bution to the one obtained in the case where all the plasma
ionic perturbers are considered. Results are shown in Fig. 8.
The width of the Lyg line is determined by the width of the
microfield distribution. We denote the difference in FWHM
of the microfield distribution between that calculated only
including the NN and that resulting from all the ions as
8(P15). The simulations indicate thad(P,,) is smallest
when the density is the highef(P4,) is 25% forN.=5
X 1072 cm 3, 18% for N,=2x 10> cm3, and 14% forN,
=10* cm™3]. This suggests that line shapes predicted by the
QM model become more reliable as the density increases.

A test of the model is also provided by a direct compari-
son with standard line shape theories. To do this we used the
codePIM PAM POUM (PPB [21] to compute FX Ly-8 line
profiles. This code is based on a two-step calculation: The
Stark profile is first determined using the usual quasistatic

ements of the dipole-dipole interaction operator in theand impact approximations for ions and electrons, respec-

(ng,ls,m) representation are

9n?

<ns|sm|F'F|ns|sm>:4_ZZ(ng_lg_ls_l)- (19

B. Results and discussion

We present in Fig. 7 line profiles of F Lymah{Ly- )
at T.=300 eV for two electron density conditions,=5X
10%2cm™3 [curves (a) and (b)] and Ng=2x10?°cm3
[curves(c) and(d)]. Curves(a) and(d) include the effect of

tively [15]. A frequency fluctuation moddéFFM) [21,27] is
then applied to include the influence of ion dynamics on line
shape. We checked that this effect, not taken into account in
the QM model, leads comparatively only to very minor al-
terations of the line shapes at the plasma parameters consid-
ered in this work. Line profile calculations are reported in
Fig. 9. Theppprline shapegsolid line) are compared to the
QM profiles (dotted ling for large (No=2x10* cm™3) and

low (N.=10%2 cm ) density conditions. A comparison be-
tween the two approaches is relevant as long as the only NN
microfield distribution is used in theppsimulations. Doing
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P(F/F )

FIG. 8. Microfield distributions obtained from molecular dy-
namics simulations atl,=1x10?* cm 3 [curves(a) and (a')], N,
=2x107 cm 2 [curves (b) and (b')], and Ng=5%x10??> cm™3
[curves(c) and(c')]. Fq is the mean electron field given in terms of
the mean interelectronic distancg by Foze/rg. For a given
plasma condition, we compare the microfield distribution produce
on a central ion of interest by its nearest neightsalid lineg with

F/F
o

950 960 970 980 990 1000 1010
EeV)

FIG. 10. F Ly line profile resulting from an integration over
two plasma conditionsN,=5x 10?2 cm 3, T,=300eV andN,
=2x10” cm 3, T,=300 eV. The appearance of a satellitelike fea-
ture on the low-energy wing of the line is shown and results from
the shift of the line center at high density.

the average NN distance is laygehe two-center bound
states become pure Stark energy levske also the energy

furves in Fig. 5 for larg®). At larger density, it is seen that

the high energy wing of the line is significantly shifted to-

the one obtained in the situation where all the plasma ionic perturb\-Nards lower energies in the present approach. This results in

ers are considere@lotted lines.

the modification of the spectral location of the center of
gravity of the line and in a reduction of its FWHM. These

this, a very good agreement is found at low density, where',i”e shape comparisons show the important contribution of

in particular, the plasma free electrons have only a weal€!€ctron screening in our model.
influence on the bound energy levels. We expected this result he interpretation of emission spectra from laser-created

since, in our model, when the density decreases, when

025 |
02 L

0,15 |-

Intensity (arb. units)

01 L

0,05 -

H
H

(@)

T

950 960

FIG. 9. Fix Ly-B line shapes atT,=300eV for N.=2
X 1072 cm™3 [curves(a)] andN= 10?2 cm™3[curves(b)]. We com-
pare the line shapes obtained in the present m@#id lineg to
standardrim, PAM, POUM simulations. In therpp calculations the

970

980
E(eV)

990

1000

1010

plasmas is usually complicated by the fact that it is rarely
possible in such experiments to eliminate temporal and spa-
tial gradients. Figure 10 gives an indication of what would be
an experimental F Ly3 line shape including the effect of
integration over various plasma parameters. Integration was
performed over two different density conditiondl,=5

X 1072 cm~2 and N,=2x 10?3 cm 3. The appearance of a
satellite line on the low-energy wing of the profile is shown.
This spectral feature actually results from the combined ef-
fects of integration and of the variation of the red component
spectral location as a function of the density. We note that
the appearance of a bump on the low-energy wing of F8Ly-
observed in massive target experimef28], and more re-
cently in colliding foil experiment$24,25, is possibly the
experimental evidence of the effect discussed here.

V. CONCLUSION

We developed in this work a two-center model aimed at
describing the electronic structure of dense plasmas. This
model has been used to probe the effect of ion-ion interac-
tions on the lowering of the ionization potential. A signifi-
cant reduction in the continuum-lowering depression has
been shown. Our work also leads to an alternative treatment
of line broadening relevant to plasma conditions where an
overlapping of the excited-state orbitals from neighboring
ions is expected. Calculations performed at various densities

nearest neighbor microfield distribution was used. The differenshowed the sensitivity of our line shapes to electron screen-

profiles are area normalized.

ing.
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