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Abstract: As the object of investigation, astrophysical fully ionized electron-ion plasma is chosen
with positively charged ions of two different kinds, including the plasmas of higher non-ideality.
The direct aim of this work is to develop, within the problem of finding the mean potential energy
of the charged particle for such plasma, a new model, self-consistent method of describing the
electrostatic screening. Within the presented method, such extremely significant phenomena as the
electron-ion and ion-ion correlations are included in the used model. We wish to draw attention to
the fact that the developed method is suitable for astrophysical applications. Here we keep in mind
that in outer shells of stars, the physical conditions change from those that correspond to the rare,
practically ideal plasma, to those that correspond to extremely dense non-ideal plasma.

Keywords: astrophysical plasmas; inner plasma electrostatic screening; different charged ions; stars

1. Introduction

Thematically, this work is the natural extension of the research on plasma’s inner electrostatic
screening, the results of which are presented in the papers [1-3]. In these papers, the single- and
two-component systems are discussed with their properties in the region of higher non-ideality degree.
This topic itself, the discussion and the search for more consistent models of screening and more
realistic potentials in plasmas are still continuing and are very real (see [4-9]). The screening in
astroplasma surroundings is a collective effect of many correlated particle interactions. It strongly
affects the electronic structure, that is, the spectral properties of atoms and properties of their collision
processes with respect to those for isolated systems [10,11]. In the last decade, a large number of
theoretical as well as experimental investigations of plasma screening has been performed. For an
example, it has been experimentally noted that the atomic spectral lines are redshifted in a high-power
laser, producing dense plasmas as the result of these effects [12].

Here we consider, for the first time, systems of the next level of complexity, that is, three-component
systems that contain free electrons and positively charged ions of two different kinds. Because of this,
we recall that the conducted research had the following task: to investigate, within the problem of
finding the mean potential energy of the charged particle in the plasma, whether the physical model of
plasma’s inner electrostatic screening, introduced in [13], is already exhausted by the Debye-Hiickel
(DH) method, as described in the same paper, or whether it still allows for the development of an
alternative. As in the previous papers, here we keep in mind the electrostatic screening in fully ionized
plasmas. Although the paper [13] was devoted to electrolytes, it had a profound trace in plasma
physics and in adjacent disciplines [14-18]. Its influence is felt even today in various fields of physics,
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such as ionospheric plasma physics, astrophysics, and laboratory plasma research [19-25]. Thus,
in numerous papers, direct DH or DH-like methods are used, as well as their products such as the
DH potential and DH radius (see [26-29]). This has all induced the interest for the possibility of going
beyond the sphere of influence of [13] and for the development of the mentioned alternative method.
Additionally, another stimulus exists for the development of alternative methods, connected with
finding a characteristics length greater than the Debye radius ([30-35]; see also [3]).

We recall that the essential properties of the mentioned model are the following:

e  The presence of an immobile probe particle, which represents one kind of charged particle in the
real system (plasma, or electrolyte).

e  The treatment of the considered components, which contain free charged particles of different
kinds as ideal gases in states of thermodynamical equilibrium, without the assumption that all
temperatures are equal.

e  The treatment of the existing total electrostatic field in the considered system as an external field
with respect to the considered ideal gas.

o Finally, among the properties of this model is usage, as its relevant mathematical apparatus,
of equations, which describe the mean local electrostatic field and the conditions of conservation
of thermodynamical equilibrium for the considered components. As in the previous papers,
this model is treated here as the basic model.

The task formulated above itself has enforced a special referent role of the mentioned DH method,
the predictions of which shall be compared with a possible new method that would arise as the
result of the undertaken investigation. In accordance with this, the main aim of our previous research
became the creation of a “self-consistent” method of describing the mentioned electrostatic screening
mechanism, which is completely free of the DH method’s disadvantages. We note that the definition
of a self-consistent method implies that all the relevant characteristics are determined within this
method itself and are expressed only through its basic parameters, that is, the particle densities,
temperature, and so forth.

However, it has been shown that, except for the case of a single-component system (e.g., electron
gas on a positively charged background), it was very difficult to finish the entire procedure of
eliminating the disadvantages of the DH method in a self-consistent way. An analysis that was
performed later convinced us that this result was not accidental, as the outer differences between the
DH and the presented method were not practically significant, and the principal differences between
these methods are of a conceptual nature.

Consequently, aside from finding the mean potential energy of the charged particles in the
plasmas, the direct objective of this research became the development of a self-consistent method of
describing the electrostatic screening in the considered three-component system, for which the relevant
additional conditions (equivalent to the conditions of the conservation of particle numbers in finite
systems) are included from the beginning.

In order to show the differences between the results of applying and neglecting the relevant
additional conditions, we recall the behaviour of electron density in two cases of the electron-ion
plasmas with the probe particle whose charge is equal to that of an ion, which was considered in [2] and
is illustrated here in Figure 1a,b. The first of these illustrates the application of the method developed
in [2], which makes sure that the area of higher electron density is followed by an area of its lowering.
This is in accordance with the role of the probe-particle approximation: the situation in the vicinity
of the probe particle could be considered as a reflection of the real situation in the vicinity of any ion
in the considered plasma, and it should enable usage of the results illustrated by the figure to the
case of the real plasma, as these do not influence the mean electron density. The systems with similar
behaviour in the electron density are treated here as the “closed” systems. In Figure 1b, the behaviour
of the DH electron density is shown in electron—proton plasma with the probe particle whose charge is
equal to that of the proton. From this figure, a monotonous increasing of the electron density can be
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seen, with a decrease in the distance from the probe particle from infinity to zero. In the considered
case, such behaviour causes the creation of an excess of 1/2 electron and 1/2 proton in the vicinity of
the probe particle. This phenomenon, which is unacceptable from the point of view of a method that
includes additional conditions, is discussed in detail in Section 6.
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Figure 1. (a) The behavior of the electron density in the case of the electron—ion plasma with the probe
particle whose charge is equal to that of the ions; (b) the behavior of the Debye-Hiickel (DH) electron

in the case of the electron-proton plasma with the probe particle whose charge is equal to that of
the protons.

This work is dedicated to plasmas that are treated as fully ionized, including the plasmas of higher
non-ideality. The region of electron densities from 10'® to 10?° cm 3 and temperatures from 1 x 10* to
3 x 10* K are studied. The developed theory is also applicable to a wider area of plasma parameters.
The order of its exposing mostly follows that which is presented in our previous papers [1-3].
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2. Theory Assumptions

2.1. The Initial System and Basic Characteristic

A stationary homogeneous and isotropic system S;,, is taken here as the initial model of some
real physical objects, suitable for applications of the results of this research. It is assumed that S;,
is constituted by a mixture of a gas of free electrons and two gases of free ions of different kinds
with positive charges Zje and Zye, where Z1 5, = 1,2, 3, ..., and ¢ is the modulus of the electron charge.
The electron charge —e is denoted also by Z.e, where Z., = —1. We consider that these gases are in
equilibrium states with mean densities of N; and N, and temperatures of Ty = T, = T; for the ions,
and a mean density of N, and temperature of T, > T; for the electrons. All the particles are treated as

point-like, non-relativistic objects and their spins are taken into account only as factors that influence
the chemical potentials of the considered gases. Satisfying the condition

Zie X N1 +Zze X Np —e X N, =0 1

is assumed, which provides local quasi-neutrality of the system S;,. We emphasize that the case
Z1 = Zj is also considered here (see Section 6.1), as it reflects the existence of some real systems with
two physically different kinds of ions with the same charge, for example, H" and D, or H" and
He™, and so forth.

In the subsequent considerations, several characteristic lengths are used that are connected with
the parameters Nj 5, and Z; 5, namely, the Wigner—Seit’s (WS) radii and the “ion self-spheres” radii
(see [3]), denoted here by r; 5 . and 71 o, respectively. These are defined by the relations

4 3 1 4 3 Zl,Z

3 M2 =N, 3 (TsaT oy, Twe=Te ()
12,

From here, it follows that Equation (1) can be presented in the form

Nl,Z X Zl,Z 47T
prtp2=1, P12 = - N Nip X ?72;1,2/ ®)
e

where the parameters p; and p; describe the primary distribution of the space between the self-spheres
of all ions of the first kind and all ions of the second kind.

2.2. The System Properties and Conditions

In accordance with the basic model and the composition of the system S;;,, the electrostatic
screening of the charged particles is modeled here in three corresponding auxiliary systems. It is
assumed that each of these contains the following: the electron component, two ion components with
the same charges Z1e and Ze, and one immobile probe particle with the charge Z,e, which is fixed at
the origin of the used reference frame (the point O).

Asin [1,2], only such cases are studied here for which the probe particle can represent one of the
charged particles of the system S;,, for example, when Z, = Z;, Z; and Z,. Two ion cases are denoted
below with (i1) and (i2), and the electron case-with (), while the corresponding auxiliary systems are

denoted with sé”, ng) and Sff), respectively.

All systems 5511'2'6) are treated below as isotropic and are characterized by the corresponding

mean local ion and electron densities: ngl'z’e) (r), ngl'z'e) (r) and ni*) (r), which retain the properties

of the corresponding components in the system S;,, and satisfy the boundary conditions:
(1,2e)

lim 5y (r) = Ny,

. (1,2,6) _ 3 (1/2r€) j—
rlgglo ny " (r) = N, rIL% ne 7 (r) = N, 4)
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where r = 7, and 7 is the radius vector of the observed point. Their other necessary characteristics are
the mean local charge density p(1>¢) (r) defined by the relation

p(l,Z,E)(r) — Zye x ngl’z'e)(r) + Zoe x ngl,z,e) Cex ngl,z,e) (r) (5)

and the mean local electrostatic potential ®(12¢)(r), which is treated as the potential of the
external electrostatic field. We take into account the fact that ®(12¢)(r) and p(12¢) (r) have to satisfy
Poisson’s equation:

V2120 — _ax [erzrge x 6(7) + P(l'z’e) (7’)} ©)

where §(7) is the three-dimensional delta function [14], and 0 < r < oo. Satisfying the
boundary conditions

VAR Y
L o(1L2e) — 1; (1,2,e) _ “12e
< o0 = ll_r%[cb (r) .

lim ®(124)(r) =0, |12 ] @)

r—oo

is assumed, which guaranties a physical sense of the mentioned electrostatic potential and connection
with the system S;, and is compatible with the electro-neutrality condition of the auxiliary systems.

Because ¢(12¢) is the mean electrostatic potential at the point O, the quantity

ut2e) = Z1pe€ X ‘P(l’z'e) ®)

is the mean potential energy of the probe particle and is simply the searched mean potential energy
of the probe particle. In the usual way, U(12) and U®) are treated as approximations to the mean
potential energies of the ion and electron in the initial system S;,,.

In accordance with the basic model the electron, all ion components of all auxiliary systems
are treated as ideal gases. Therefore, we encompass the characteristics of the auxiliary systems
by chemical potentials uj,(n12(r), T;) and ye(nge) (r), Te) of the corresponding ideal ion and

electron gases, which can depend on the corresponding particle spins and on their boundary values,

that s, ju2(Nj 37, T)) = lim ina(ma(r), T;) = lim o (n)3” (r), T;) and pe(Ne, T.) = lim pio(nf (1), T,).

2.3. The System Equations

It can be shown that on the basis of the procedure that was developed and described in detail
in [1,2] for the case of a system that is electro-neutral as a whole, it is possible to switch from Poisson’s
equation to the equation for the potential ®(1>€) (1), which is more suitable for further consideration.
This equation is given by

o(12€) (1) = —47T/p(1'2"’) (r)(r) <1 — 3,) r2dy’ 9)
T

r

and is taken here in such a form.

In order to find other necessary equations, we consider the conditions of conservation of
thermodynamical equilibrium (conservation of the electro-chemical potential) for those components
that are represented by the corresponding probe particles, namely,

;4(5(71((55) (r), Ts) + Zse x CID(‘S)(r) = y,;(ng‘s)(rst),T{;) + Zse X dD(‘S)(rst), 0=1,2,¢ (10)

where, in accordance with the basic model, ®(12¢)(r) is treated as the potential of the external
electrostatic field, and rg is the distance from the point O of the chosen fixed (starting) point:



Atoms 2017, 5, 42 6 of 18

0 < rst < co. From here, by means of the usual linearization procedure, the necessary equations

for the particle densities n((;s) (r) are obtained in the form

Zs 5 d ous(n, T,
)= () = = 5 2 [000) ~ @ o)), S = |l a

which is applicable under the condition

@)y _ N
) =Nl

N; (12)

Here we use the fact that such equations can be applied not only to the classical cases, but also to
the quantum-mechanical cases, including the case of ultra-degenerated electron gas [15,17].

2.4. The Additional Conditions

In [1,2], the conditions were already introduced for the component that is represented by the probe
particle and in which the charge of the probe particle appears. In the considered three-component case,
these conditions are given by

it © (1,2,¢)

n X X
/ Nipe — 1122:) (7)] X 4mr*dr = / = b X r1ze) x 3x?dx =1 (13)
5 ; N1,

where x = r/r15,. This means that the ratio in the expression inside the square brackets is of the order
of magnitude of 1. This equation is especially important, as it provides the continuity of the model.
In order to show this fact, it is enough to consider the situation for which the charge density ngl) is
negligible and the considered three systems for physical reasons can be treated as a two—compénent
system. Then, as an approximation, we can replace the electron component by the negatively
charged nonstructural background and return to a one-component system. It is important that
the single-component case is now used for mathematical modeling of the plasma internal electrostatic
screening (losilevskiy 2011, private communication). We note that in the single-component case (which
was not considered in [13]), this first condition can be used instead of the electro-neutrality condition.

In [2], the additional conditions for the electron density were introduced. Here the corresponding
conditions are given by the equations

/ Npp — n1 )} X 4mrrtdr = / [Ng - ngl’z)(r)} X 4mrrtdr = 0 (14)
0 0

The additional conditions for the ion components ngz) (r) and ngl) (r) are taken into consideration
analogously to the electron components, as there are no principal differences between them.
The corresponding relations are given by

/ Np — ”1 (r } X 4rrr’dr = / [Nz - nél)(r)} X 47r’dr = 0 (15)
0 0

We note that in this work, the considered physical systems, as well as other physical systems that
are described by means of additional conditions, are treated as systems of the closed type (see also a
detailed version [36]).

As it is known, in our investigation, we take care that our results are compared with the
results of the DH method, which provides electro-neutrality of the considered system as a whole.
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In principle, this would justify introducing into consideration the corresponding electro-neutrality
condition, namely,

Zypee+ /p(m'e)(r) X 4rrddr = 0 (16)
0

However, the fact is used that simultaneous satisfaction of the conditions of Equations (4), (14)
and (40) automatically provides satisfaction of this condition, and therefore this condition is not used
within this work.

3. Ion Cases: Complete Expressions

3.1. The Ion Densities

As a result of their importance, the ion densities are presented separately for the case (il) in
the form

0, 0<r< r((fl)
Fi(r 1
n(r) = Ny x { 1= A1 = Bidiry x ﬁ ), r((m) <r<ry a7)
e*Kas;l(”*’b;l)
1=Cirpg X ————, 1 <r <o
0, 0<r< 782)
Ni1Z4 N17Z, F(r) ()
nél)(r) = N, X 1+ NoZs 1— NoZo X Bldzrb;l X p 0 <r<ry (18)
1—|—leGC0¢»7 XM r <r < oo
N2Z2 144 b;l r 7 b;l
and separately for the case (i2) in the similar form
0, 0<r< ”(()?2)
B(r 2
”éz)(r) =Ny x { 1= Az = Badaryp X £ ), r(();z) <r<rp (19)
eiKﬂS}Z(rfrb;Z)
1= Corpp -, Tho <1 < 00
0, 0<r< ”((),-21)
N2Zp Ny Z, F, (1’) (2)
7’152)(1’) = Nl X 1+ lel X AZ — lel X Bzdﬂ‘b;z X T’ 70;1 <r< b2 (20)
PN )
N1Z1 20 b;2 7 7 b;Z

where the functions F; »(r) and the coefficients f1 5, A1, B12, C12 and dq 5 are given by the relations

P1 2(1/') = eKi(rb;l,Zfr) — f12 X eiKi(rb;l,Zfr)

fia= (1 + Kas1,27p1,2) X 57 — (14 Kitp1,2) X Ko 5 (21)
T (U Kasiampa2) X & — (1= Kimy12) X K2,

1-— o

Ap=[1—dip(1—wa;)]xCip,  Bip= =15 X C12 (22)
-1
. Fo(r() K3,
Cio= [1—dip(1—a;) | 1— 1”"1'2 1’25102')“) , dip = 2 (23)
—fiz 7012 Ko + %02
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and the screening constants

471(Z10e)2 12
Kas12 = K012 X [(1 = @g12) X (1= a)]"?, k012 = {am(z/l(—;z\zz] (24)
ki = (61 +x52) X (1= aea2)]"? (25)
3.2. The Electron Densities
The complete expressions for the electron densities are presented here in the form
(12 _ 12 (12) nie? (), 0<r<lgp
ne 7 (r) = wenp X [Z1 xny 7 (r) + Zo Xy 7 (r)] + { N, x (1 - toa), lin <1 e (26)

where the ion densities n"”? (r) and nél'z) (r) are given by Equations (17)—(19). The number n§.1e'2> (r),

/!

in accordance with the above, is given by the relations

12 a1 X e K0’ 4 by 5 X X0’
nli (r) = Ny x Ig10 - . 0<r<lg, 27)
_ _ 1,2 X112 _ 1,2 —X12
S L—ap1p = 3Xp, X e by — _1 Ke12 = 3X[q0 X € TV (28)
12 = e X2 — pXing ’ 12 = e X2 — pXing
1/2
x 1 4 1Y (29)
X7. = K0- . Koo = | ———
11,2 0;e $;1,27 0;e aye/aNe

2) (1,2) (1,2)

1, p . .
We note that these parameters, as well as 1 5, r((],l /1o and 7y ~, are determined as described

in Section 5.

4. Complete Expressions for the Electron and Ion Densities: The Case (e)

Here we can repeat the procedures from [2] verbatim. We obtain the expression for the
electron density:

exp(—xer
(e) (r) = N, — Netg,e X exp(kerpye) X y, Foe < 1 < 00 (30)

0, 0<r<roe

(e)

which determines 7, ’ (r) in the whole region 0 < r < co. The obtained expressions are given here by
the relations

X N1,21—D(;1,2, 1;1,2<1’<OO
WE)(r) = S22 0y 4§ N2 e e @
’ 12 ngq (1), 0<r<lyn
_ *‘11;1,2 xr xll;l,z xr
X 1,2 by X 1,2
ngel)z(r) = Nyore hm2xe :_ 127¢ , 0<r<lppo (32)
I..
le;1,2 =Te X 12 (33)
s;1,2

where a1 > and by » are given by Equation (28). We note that the ratios I5, 5 /751 2 and the characteristic
length r¢., are determined as described in the next section.

5. Determination of the Parameters

The parameters «,.1 » and I;; » are determined separately for the cases Z; = Zp = Z; and Z; # Zy;
namely, within the used procedure, the first case, where r;;; = r5» = 7, is equivalent (from the point
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of view of the determination of «,, 7) to the case of the two-component plasma with the same Z;,
N, and T,. Consequently, in the case for which Z; , = Z;, the following relations are valid:

ls;l,Z = Ts;is Ke12 = ‘X(xs;i)r Xg;i = Kpze X Ts;i (34)

where in accordance with [2], a(x) is defined by

=1-— 35
#(%) A7) xe*—(1—x) xe* (35

In the case for which Z; # Z,, the parameters «,.1 » are given by the relation
W12 = a(xs = Xg1) X pr+a(xs = xsp) X p2,  |lsa2/1512 — 1] << 1 (36)

and are established by direct calculations where p; and p, are given by Equations (2) and (3).

It is important that the electron—ion correlation coefficient ,.; » and the characteristic lengths .1 »
are determined, as is described below, independently of all other parameters; namely, this is why the
existing conditions are sufficient for the determination of the characteristic lengths r(llzzge), r(()lzzl) and
7,1 2, and the ion—ion correlation coefficient «;.

The very important parameters ry; 5, that is, the distances from the point O at which the manner

of describing the ion densities changes, are determined from

o)

/ [N1 - n§2) (1’)} x 4rridr = / [Nz - ngl)(r)} x 4rtr?dr = 0 (37)
0 0

through a procedure for which it is taken that
e =rs12 X (1+1m2), 0<712 < fmaxpz, Nmaxap > 1 (38)

where 71 » are new parameters, which are used in the calculations in such a way that they vary with the
small steps Ax1 2 = 1/Kj 2 where K;5 > 1. As the results of this procedure, we obtain the values of the
parameters 7. 5, that is, the main considered characteristic length, which corresponds to the current
value of the ion—ion correlation coefficient «;. The final value of this coefficient itself is determined
through a procedure that implies scanning «; with a very small step in the interval from 0 to 1 and
examining at each step whether the equation

r — 15 =0 (39)

is satisfied, which provides the physical meaning of the obtained solutions. The whole procedure ends
when the equation is satisfied.
The parameter g, is determined from

2 ¢ n(l’z’e) (f X 1’126)
[ [Nige =i ()] xdmrPdr = [ 1 S22 a2 = 1 (40)
/ - / Nige

asin [1,2], using t = r/r1 2, and Equation (2). It can be presented in two equivalent forms:

1
1+x%)3 —1 1
o = % X Te = Ysie(X) X 1o, 100 = [(1+2%)3 — 1] X e = Yre (¥) X T (41)
where x = K.te, e = 1/%,, and the coefficients s, (x) and 7. (x) are connected with the electron

non-ideality parameters I', = 2/ (kTore) and v, = €2/ (kTery,) as described in [3].
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(12) (e)

Finally, we note that the partial electron and ion densities 1™’ and ng; ,, because of the
structure of the equation for the coefficients a;, and by, (Equation (28)), can be determined by
Equations (27), (29) and (33) in both the Z, = Z; and Z; # Z; cases. Therefore, it is necessary to
take the corresponding values of «,.; » and I » only in these expressions, for example, ;1 o = 7, if
Z1p =Z;.

The behaviour of the characteristic length /.1 5, the electron—ion correlation coefficients a, 12,

the parameters 7.1 » and the ion—ion correlation coefficients «; is shown in Tables 1 and 2. These tables
cover the regions of N, from 10'¢ to 10?0 cm 3 for T = 3 x 10* K. These tables show that the values of
all the parameters are within the expected boundaries. Additionally, one may note that particularly for
ls;12 = 7512, the electron—ion correlation coefficient /.1 » = 1, 7}.1 » ~ 75,12 and the ion—ion correlation
coefficient a; ~ 1, a significant increase in the correlation coefficient values «, 1 » and a; is registered in
the region of extremely high electron density (N, ~ 10! cm~3).
Table 1. The characteristic length /g1, (in 107 cm), the non dimensional electron—ion correlation
coefficients a, 1, the main characteristic length 7,1, (in 10~7 c¢m), the non-dimensional ion-ion
correlation coefficients ; and the potential energies u (in eV) and u®@ (in eV) for the cases of
Zi=1land Zy =2atT =3 x 10 K in the region of electron densities 10 em™—3 < N, < 102 cm 3.
The densities N ; are in 10Y em—3.

N> Isa Iso  we1  ®e2  Tha ) o u® u®

045 1453 1671 001 0.02 2296 7337 010 -1.09 -1.19
04 1442 1658 0.01 0.02 23.07 5556 0.09 -279 -—2.84
035 1430 1645 0.01 0.02 2460 4787 0.09 -239 —-243
03 1419 1631 0.01 0.02 2653 4290 0.09 -214 -217
025 14.06 16.17 0.01 0.02 3051 4140 010 -207 —-2.09
02 1393 16.02 0.01 0.02 3023 3429 008 -171 -1.72
0.15 13.80 1587 0.01 0.02 3215 2999 007 -160 -—1.61
01 1366 1571 0.01 0.02 4126 3032 0.08 —2.07 -—-2.07
005 1352 1554 0.01 002 5542 2875 0.08 -—-283 —-2.78
4.5 6.74 776 003 005 1024 2940 018 —-135 —477
4 6.69 770 003 0.05 1010 2279 016 -345 -3.62
3.5 6.63 764 003 0.05 1041 1940 015 -2.89 -3.00
3 6.58 758 003 005 1118 1757 015 -—-264 271
2.5 6.52 751 003 0.05 1259 1675 016 —-253 —2.58
2 6.46 744 003 0.05 1441 1622 017 -246 249
1.5 6.40 737 003 005 1031 966 007 =332 —-325

1 6.34 730 003 0.04 1616 12.04 012 —-247 244
0.5 627 722 0.03 004 2220 1192 013 -348 —-3.36
45 3.12 360 006 009 493 1225 034 —-552 —5.56

— cocoooooo
SexNouewn—~TERR R0 00| L

20 40 310 358 0.06 009 471 962 029 —4.04 —4.25
30 35 307 355 0.06 009 488 848 028 —-349 375
40 30 305 352 006 0.09 512 767 027 =325 342
50 25 302 349 0.06 009 556 715 027 -=-3.07 -3.20
60 20 300 346 0.06 009 812 892 043 -399 —4.00
70 15 297 343 006 0.09 38 360 0.09 -—-344 —3.38
80 10 294 339 0.06 009 588 445 015 -255 —6.03
90 5 291 336 006 009 835 467 018 -377 -3.37

100 450 1.44 1.67 012 018 3.01 585 070 —-6.89 —6.16
200 400 143 166 012 018 3.79 593 081 -736 —6.44
300 350 1.42 1.65 012 018 4.49 613 087 -211 -7.01
400 300 141 164 012 018 418 537 081 —646 575
500 250 1.40 162 012 018 379 451 071 —-5.00 —4.66
600 200 1.39 161 012 018 408 438 071 —488 —4.61
700 150 1.37 160 012 018 1.83 1.72 017 =391 -3.10
800 100 1.36 158 012 018 2.06 1.60 016 —4.86 —3.86
900 50 1.35 1.57 012 018 3.00 1.75 021 -320 -3.06
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Table 2. The same as in Table 1 but for the case of Z1 = Z, = 1.

Nt N2 Ln Isp  wen  ®ep2  Tha b2 a; u®  u®

01 09 1337 1337 0.01 001 2473 6482 006 —048 —0.50
02 08 1337 1337 0.01 0.01 2620 4892 006 —-123 —-124
03 07 1337 1337 0.01 0.01 2539 3756 0.05 —-094 —-094
04 06 1337 1337 0.01 0.01 2994 36.09 0.06 —090 —0.90
05 05 1337 1337 0.01 0.01 1871 1871 0.02 —-098 —0.98
06 04 1337 1337 0.01 0.01 36.09 2994 0.06 —090 —0.90
07 03 1337 1337 0.01 001 3756 2539 0.05 -—-094 —-094

08 02 1337 1337 0.01 0.01 4892 2620 0.06 —-124 —-1.23
09 01 1337 1337 0.01 0.01 6482 2473 0.06 —-050 —048
1 9 6.20 620 003 0.03 1030 2574 010 -2.02 -2.06
2 8 6.20 620 002 002 1092 1979 010 —-150 —1.54
3 7 6.20 620 002 0.02 1166 1681 010 -128 —-1.29
4 6 6.20 620 002 0.02 1247 1489 010 -113 -1.13
5 5 6.20 620 002 002 732 732 003 -114 -—-1.14
6 4 6.20 620 002 0.02 148 1247 010 -113 -1.13
7 3 6.20 620 002 0.02 1681 1166 010 -1.29 —-1.28
8 2 6.20 620 002 002 1979 1092 010 -154 —-1.50
9 1 6.20 620 002 0.02 2574 1030 010 -206 —2.02
10 90  2.88 288 006 0.06 432 1011 016 —-228 —-239
20 80  2.88 288 006 006 441 772 015 -163 —-173
30 70 288 288 006 0.06 466 662 015 —-143 —1.46

40 60  2.88 288 0.06 0.06 5.01 593 015 -128 -—1.29
50 50 2.88 288 006 006 308 308 005 -—-134 -—-134
60 40 288 288 0.06 0.06 5.93 501 015 -129 -1.28
70 30 288 288 006 0.06 662 466 015 -—146 143
80 20 288 288 006 006 772 441 015 -173 —-1.63
90 10  2.88 288 006 0.06 1011 432 016 -239 228
100 900 1.34 134 012 012 182 396 024 -2.02 -229
200 800 1.34 134 012 012 178 298 021 —-143 -—1.61
300 700 1.34 134 012 012 192 266 022 -—-134 —141
400 600 1.34 134 012 012 1.95 229 020 =297 -—-3.00
500 500 1.34 134 012 012 1.39 139 0.09 -136 —1.36
600 400 1.34 134 012 012 229 195 020 -3.00 -297
700 300 1.34 134 012 012 266 192 022 -141 -134
800 200 1.34 134 012 012 298 1.78 021 —-1.61 —143
900 100 1.34 134 012 012 396 1.82 024 -229 -202

6. Results and Discussions

6.1. The Properties of the Obtained Solutions

As a continuation of our previous research [1,2], in this work, fully ionized electron—ion
plasmas are chosen with the positive ion charges of two different kinds. Such a choice is especially
important, as increasing the number of ion components further would not cause the appearance of any
new phenomena.

One can see that the procedures of obtaining Equations (17)-(33), as well as the values of the
existing parameters, provide that these expressions are self-consistent; satisfy all the conditions from
Section 2.1, including Equations (37) and (39); and can be applied not only to the classical but also to the
quantum-mechanical systems (see [2]), including here the plasmas of higher non-ideality. Because the
presented expressions do not contain the particle masses, they can also be used for describing some
other systems (the corresponding electrolytes and dusty plasmas). The behaviour of the ion and
electron densities is illustrated in Figures 2 and 3 for the examples of the cases of (i1) and (i2) for
Zy # Zy and Z = Zj, respectively.
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Because Equations (27) and (32) show that the solutions ngl’z) (r) and nl(ll) ,(r) are singular at

the point r = 0, it is useful to note that the existence of singularities in model solutions is fully
acceptable, if it does not have other non-physical consequences. Such solutions are well known in
physics; it is enough to mention, for example, the Thomas—Fermi models of electron shells of heavy
atoms ([37,38]; see also [39]), which have been used in plasma research up to the present (see e.g., [40]).
Except for the potential ®(12¢)(r) and ¢(12¢), the systems S[(zl’z’e) are certainly characterized by radial
charge densities P(12¢)(r) = 4712 x p(129)(r). According to [3], each of the functions |P(12¢)(r)|
has at least one strongly expressed maximum, whose position is an important characteristic of the
distribution of charge in the neighborhood of the probe particle.

In order to demonstrate the very large differences between the alternative and DH-like
characteristics, we compare the asymptotic behaviour of the potential ®1%¢) () and DH-like potential
o (r):

e Kas12(r—1p;12) e~ KDHT
o(12) (r) ~ Zq9e X — T > 10, CDS}?’E)(r) ~ Z1p e X " r>0 (42)

where the ion screening constants x,.1 » are given by Equation (24) and the DH screening constant
KpH = (K%;l + K(z);z + K(Z);E)l/ 2 where K0:1,2 and .. are determined by Equations (24) and (29). Here,
we consider the case of classical plasma with T; = T, = T, where dp12,/0N12, = kT/Nj, and,
consequently, the relations

1
Kasn2 _ ron _ | ZiaN12(1— @) (1— )2 (43)
KDH Tas;1,2 (Z%Nl + Z%NZ + Nﬁ)%

are valid. These relations show that the ion asymptotic screening constants #,.1 » always have to be
significantly smaller than xpy, and at the same time, the corresponding screening radii r4;; o always
have to be significantly larger then rpp. It is important that a similar result obtained in [2] was noted
there as an evident shortcoming of the DH solution.

From Equation (43), it follows that ®(1%)(r) has a completely different asymptotic behavior
compared to CD(Dlﬁ’E) (r). We note that we reach the same conclusion by comparing the behavior of the
radial charge density p(1%¢) () to its DH-like analog.

As the main characteristics of the considered plasmas we take here, the probe particle mean
potential energies U(12¢) are later identified with the mean potential energies of ions in the real
plasmas. In order to determine these ion energies U(1%¢), it is necessary to know the values of the
potential ¢(1:€):

o 5(1,2€) 00
o2 = [T B0 O grrdr = an | e wyrar (44)

where p(12€) (r) denotes the charge density. We recall that the case Z; = Z = 1 can correspond to the
case of plasma with the ion HT or He™ (1s), and so forth. Within this work, the energies UM and U@
are determined for two cases: Z; = 1 and Z; = 2, and Z; = Z; = 1. In both cases, the calculations
are performed for plasmas with the electron densities 101 ecm 3 < N, <10®¥ em =3, for T = 3 x 10* K.
The obtained results are presented in Tables 1 and 2 with fairly small ion-density steps. In order
to investigate the dependance of the energies of the systems on the temperature, the calculations
of UM and U® were performed and are presented in Tables 3 and 4 for N, = 10" cm 2 and for
the temperatures T = 1 x 10, 1.5 x 10%, 2 x 10* and 2.5 x 10* K. From these results, one can see
that the potential energies U(") and U(? are sensitive to a considerable lowering of the temperature
(T =1 x10*K).



Atoms 2017, 5, 42 14 of 18

Table 3. The potential energies u® (in eV) and u® (in eV) for the case of Z; = 1 and Z, = 2
at N, =10 cm™3 and T = 1 x 10%, 1.5 x 10%, 2.0 x 10%, and 2.5 x 10* K. The densities Ny, are
in 1018 cm 3,

Ny N, u® u® u® u® u® u® u® u®
10,000 K 15,000 K 20,000 K 25,000 K

05 475 -198 -153 -100 -39 -153 -171 -193 -216
1.0 450 -169 -133 -097 -351 -394 -386 —470 —471
15 425 -137 -115 =317 -293 =332 -336 -—-3.88 —4.01
20 400 -133 -111 -1.05 -359 -197 -195 342 -3.62
25 375 -115 -101 -111 -397 -249 -272 313 337
30 350 -120 -104 -113 -399 -244 261 —-3.02 322
35 325 -135 -112 -191 -196 -—-234 -250 -294 311
40 300 -119 -1.04 -116 —-416 -—-237 -250 -—-291 -—-3.06
45 275 -114 -129 -234 224 236 247 =278 —-292
50 250 -137 -117 =252 -238 257 262 283 294
55 225 -105 -121 -244 -232 402 -38 277 287
60 200 -108 -—-127 -—-232 -224 —432 —409 -378 374
65 175 -164 —-139 -239 -230 -348 -338 —-1.89 -648
70 150 -101 -099 -186 —-151 -243 -218 -292 284
75 125 -120 -128 209 -171 -273 -244 362 351
80 100 -154 -18 —-255 -212 361 342 214 —498
85 075 -203 -132 -132 -301 -193 -210 -256 —2.89
90 050 -083 —-194 -162 -159 -241 -255 =311 =270
95 025 -120 -1.00 -236 —-274 -337 —-283 —438 385

Table 4. The same as in Table 3 but for the case of Z1 = Z, = 1.

Ny N, u@® u®@ u® u® u® u® u® u®
10,000 K 15,000 K 20,000 K 25,000 K

05 950 -082 -094 -150 -162 -213 -226 -076 —0.87
1.0 900 -052 -065 -104 -116 -149 -161 —-191 —-2.03
1.5 850 -039 -052 -084 -09% -121 -133 -156 -—1.67
20 800 -039 -047 -076 —-084 —-1.07 -1.15 —-138 —1.49
25 750 -037 -042 -074 -079 -100 -1.05 -130 -1.35
30 700 -03 -038 -—-066 -—-070 -—-097 -1.01 -1.18 —-1.22
35 650 -1.03 -105 -0.65 -—-067 —-092 —-095 -116 —1.18
40 6.00 -094 -095 -—-0.64 -065 -—-08 —-087 —-1.06 —1.08
45 550 -095 -09% -150 -151 -0.82 —-0.83 —-1.05 —1.06
50 5.00 -034 -034 —-066 —066 —095 —-095 -—-118 -—1.18
55 450 -095 -095 -151 -150 -—-083 —-0.82 —-1.06 —1.05
60 400 -09 -094 -065 —-0.64 —-087 —-08 —-1.08 —1.06
65 350 -105 -103 -067 —-065 —-095 —-092 -118 -—-1.16
70 300 -038 -035 -070 -066 —-1.01 -097 -122 -1.18
75 250 -042 -037 -079 -074 -105 -1.00 -135 -—-1.30
80 200 -047 -039 -084 -076 -115 -1.07 -149 —-1.38
85 150 -052 -039 —-09% —-084 —-133 -121 —-1.67 —1.56
90 100 -065 -052 -116 -104 -161 —-149 -203 -191
95 050 -094 -082 -—-162 -150 -226 —-213 —-087 —0.76
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6.2. Interpretation of the Obtained Results

Results such as those presented in the previous section (see Equation (43)) might leave an
impression of having an absolute advantage over the DH-like methods (or other similar methods).
Such an impression is incorrect, as an absolute advantage of the presented method is for the case of a
system of the closed type. In the same context, it is necessary to interpret the phenomena that were
described in the introduction concerning the results presented in the Figure 1a,b; these phenomena can
be interpreted as physically unacceptable when the DH or DH-like methods are used on the system of
the closed type. However, the system receives treatment as closed-type only in the case in which it
is described by means of the above-mentioned additional conditions. Consequently, in the opposite
case (when additional conditions are absent), the system can be successfully described by means of
DH-like or similar methods. Concerning this, we refer to Figure 4a,b, which shows the results of the
application of the DH method to the considered plasma ((a) Z; = 1and Z; =2, and (b) Z; = Z, = 1).
It is useful to compare this figure with Figures 2 and 3. In this context, we draw attention to the fact
that such a treatment itself has to be determined on the basis of the properties of the considered system
and the physical problem, which can be solved using that system.

At the end of this point, it would be useful to linger on such influence of the additional conditions
on the properties of the obtained solutions, which could be treated as a manifestation of their deviation
from thermodynamic equilibrium. Here, we refer to the necessity of substituting the equation
obtained from the condition of thermodynamic equilibrium by the equations obtained in different
ways—the electron charge density n{"* in the region of large r, and the ion charge density nglzz’l) (r),
also in the region of large . However, we draw attention to the fact that all changes have purely
phenomenological characteristics and do not influence the thermodynamic properties of the considered
gases: gas with temperature T remains a gas with the temperature T. Additionally, we recall the fact
that in all regions of r, where the considered components can be treated independently from one
another, their state was described by means of equations obtained from the condition of thermodynamic
equilibrium.

From the above-presented material, it follows that the basic model can generate only the DH or
some DH-like methods. In this sense, this model has already exhausted its potential, but as one can
see, it enables, with minimal deviation from the basic model (in the area of mathematical apparatus),
us to leave the DH-like sphere and develop a new model method of describing the plasma’s inner
electrostatic screening.

6.3. The Possible Ion—Ion Probe Systems

From the presented work, it follows that the main properties of the considered three-component
system originate from the analogy with the properties of a positron—ion probe system. Concerning
this, it is useful to note the fact that was established by means the molecular dynamic (MD) simulation
of a dense electron-proton plasma in [41]. In this work, some characteristics of the considered plasma
were determined as the results of averaging over all ion configurations possible under the considered
conditions, for different values of the ratio . /m,, where m, and m, are the electron and proton masses.
These values were changed from 1/1836 to 1/100, but the changes of the results of MD simulations
could be neglected. This can be very interesting, even only for the similarity of the procedures that
were used here and in [41]. However, it can be particularly important under the assumption that
a similar conclusion is valid in the case of plasma that contains electrons and ions of some heavy
atoms, particularly if the non-negligible probability is taken into account, meaning that the value of
the mentioned ratio can be even greater than 1/100.
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Figure 4. (a) The reduced Debye-Hiickel (DH) densities ng;)l (r)/ Ny (curve marked with 1), ng;)z(r) /Np
(curve marked with 2) and ng;)g(r) /N, (curve marked with 3) in the case of Z; = 1, Z, = 2 and
T; =T, = T, where T = 30,000 K. (b) The reduced DH densities ”S;)l (r)/ Ny (curve marked with 1),
nl(Dl;)2 (r)/ Ny (curve marked with 2), and ng;(r) /Ne (curve marked with 3) in the caseof Z; = Z; =1
and T; = T, = T, where T = 30,000 K.
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7. Conclusions

The object of the investigation of fully ionized electron-ion plasma was chosen with positively
charged ions of two different kinds, including here the plasmas of higher non-ideality. Within the
presented method, such extremely significant phenomena as the electron-ion and ion-ion correlations
are included. The collective effect of many correlated particle interactions strongly affects the spectral
properties of atoms and properties of their collision processes with respect to those for isolated systems.
The screening characteristics of the considered plasmas in a wide region of the electron densities and
temperatures have been calculated. Here, the case of the three-component system was considered,
which is especially important as we expect that a further increase in the number of ion components in
the more complicated systems would not cause the appearance of any new phenomena.

Acknowledgments: The authors are thankful to the Ministry of Education, Science and Technological
Development of the Republic of Serbia for the support of this work within the projects 176002 and 11144002.

Author Contributions: All authors contributed equally to the work presented here.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mihajlov, A.; Vitel, Y.; Ignjatovi¢, L.M. The new screening characteristics of strongly non-ideal and dusty
plasmas. Part 1: Single-component systems. High Temp. 2008, 46, 737-745.

2. Mihajlov, A ; Vitel, Y.; Ignjatovié, L.M. The new screening characteristics of strongly non-ideal and dusty
plasmas. Part 2: Two-component systems. High Temp. 2009, 47, 1-12.

3. Mihajlov, A,; Vitel, Y.; Ignjatovié, L.M. The new screening characteristics of strongly non-ideal and dusty
plasmas. Part 3: Properties and applications. High Temp. 2009, 47, 147-157.

4. Demura, A. Physical models of plasma microfield. Int. J. Spectrosc. 2009, 2010, 42.

5. Calisti, A.; Ferri, S.; Mossé, C.; Talin, B.; Lisitsa, V.; Bureyeva, L.; Gigosos, M.A.; Gonzélez, M.A.;
del Rio Gaztelurrutia, T.; Dufty, ].W. Slow and fast micro-field components in warm and dense hydrogen
plasmas. arXiv 2007, arXiv:0710.2091.

6.  Mihajlov, A.A,; Sakan, N.M.; Sreckovi¢, V.A.; Vitel, Y. Modeling of continuous absorption of electromagnetic
radiation in dense partially ionized plasmas. J. Phys. A Math. Gen. 2011, 44, 095502.

7. Mihajlov, A.A.; Sakan, N.M.; Srec¢kovi¢, V.A.; Vitel, Y. Modeling of the Continuous Absorption of
Electromagnetic Radiation in Dense Hydrogen Plasma. Balt. Astron. 2011, 20, 604—-608.

8.  Mihajlov, A.; Sre¢kovi¢, V.; Sakan, N.; Ignjatovi¢, L.M.; Simi¢, Z.; Dimitrijevi¢, M.S. The inverse
bremsstrahlung absorption coefficients and Gaunt factors in astrophysical plasmas. ]. Phys. Conf. Ser.
2017, 810, doi:10.1088 /1742-6596/810/1/012059.

9. Mihajlov, A.A.; Sre¢kovi¢, V.A,; Sakan, N.M. Inverse Bremsstrahlung in Astrophysical Plasmas: The Absorption
Coefficients and Gaunt Factors. ]. Astrophys. Astron. 2015, 36, 635—-642.

10. Mao, D.; Mussack, K.; Dappen, W. Dynamic Screening in Solar Plasma. Astrophys. ]. 2009, 701, 1204.

11.  Das, M,; Sahoo, B.K,; Pal, S. Plasma screening effects on the electronic structure of multiply charged Al ions
using Debye and ion-sphere models. Phys. Rev. A 2016, 93, 052513.

12.  Leng, Y.; Goldhar, J.; Griem, H.; Lee, RW. C VI Lyman line profiles from 10-ps KrF-laser-produced plasmas.
Phys. Rev. E 1995, 52, 4328-4337.

13. Debye, P; Huckel, E. The theory of electrolytes. I. Lowering of freezing point and related phenomena.
Phys. Z. 1923, 24, 185-206.

14. Ichimaru, S. Basic Principles of Plasma Physics; Benjamin: Reading, MA, USA, 1973.

15.  Kittel, C. Introduction to Solid State Physics, 4th ed.; Wiley: New York, NY, USA, 1977.

16. Drawin, H.; Felenbok, P. Data for Plasmas in Local Thermodynamic Equilibrium; Gauthier-Villars: Paris, France, 1965.

17.  Kraeft, W.; Kremp, D.; Ebeling, W.; Ropke, G. Quantum Statistics of Charged Particle System; Academie-Verlag:
Berlin, Germany, 1986.

18.  Dimitrijevi¢, M.S.; Mihajlov, A.A.; Djuri¢, Z.; Grabowski, B. On the influence of Debye shielding on the Stark
broadening of ion lines within the classical model. J. Phys. B 1989, 22, 3845-3850.



Atoms 2017, 5, 42 18 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mussack, K.; Dappen, W. Dynamic screening in solar and stellar nuclear reactions. Astrophys. Space Sci. 2010,
328, 153-156.

Nina, A.; Cade?, V.; Sreckovi¢, V,; Suli¢, D. Altitude distribution of electron concentration in ionospheric
D-region in presence of time-varying solar radiation flux. Nucl. Instrum. Methods Phys. Res. B 2012, 279, 110-113.
Nina, A.; Cadez, V,; Suli¢, D.; Sreckovi¢, V; Zigman, V. Effective electron recombination coefficient in
ionospheric D-region during the relaxation regime after solar flare from 18 February 2011. Nucl. Instrum.
Methods Phys. Res. B 2012, 279, 106-109.

Potekhin, A.Y.; Chabrier, G. Thermonuclear fusion in dense stars—Electron screening, conductive cooling,
and magnetic field effects. Astron. Astrophys. 2012, 538, A115.

Nina, A.; Cadez, VM,; Popovi¢, L.C.; Srec¢kovi¢, V.A. Diagnostics of plasma in the ionospheric D-region:
Detection and study of different ionospheric disturbance types. Eur. Phys. ]. D 2017, 71, 189.

Gajo, T.; Ivkovi¢, M.; Konjevi¢, N.; Savi¢, I.; Djurovié, S.; Mijatovié, Z.; Kobilarov, R. Stark shift of neutral
helium lines in low temperature dense plasma and the influence of Debye shielding. Mon. Not. R. Astron. Soc.
2016, 455, 2969-2979.

Kobzev, G.; Jakubov, L; Popovich, M. (Eds.) Transport and Optical Properties of Non-Ideal Plasmas; Plenum Press:
New York, NY, USA; London, UK, 1995.

Shukla, PK.; Eliasson, B. Screening and wake potentials of a test charge in quantum plasmas. Phys. Lett. A
2008, 372, 2897-2899.

Zhao, L.B.; Ho, Y.K. Influence of plasma environments on photoionization of atoms. Phys. Plasmas 2004,
11, 1695-1700.

Lin, C.Y,; Ho, YK. Effects of screened Coulomb (Yukawa) and exponential-cosine-screened Coulomb
potentials on photoionization of H and He™. Eur. Phys. J. D 2010, 57, 21-26.

Lin, C.Y.; Ho, Y.K. The photoionization of excited hydrogen atom in plasmas. Comput. Phys. Commun. 2011,
182,125-129.

Gunther, K.; Radtke, R. Electric Properties of Weakly Nonideal Plasmas; Akademie: Berlin, Germany, 1984.
Vitel, Y.; El Bezzari, M.; Mihajlov, A.; Djuri¢, Z. Experimental verification of semiclassical and RPA
calculations of the static conductivity in moderately nonideal plasmas. Phys. Rev. E 2001, 63, 026408.
Ginther, K.; Radtke, R. Elektrische Leitfahigkeit von Xenon-Impulsplasmen. Contrib. Plasma Phys. 1972,
12, 63-72.

Gunther, K.; Popovi¢, M.; Popovi¢, S.; Radtke, R. Electrical conductivity of highly ionized dense hydrogen
plasma. II. Comparison of experiment and theory. J. Phys. D 1976, 9, 1139-1147.

Goldbach, C.; Nollez, G.; Popovi¢, S.; Popovi¢, M. Electrical conductivity of high pressure ionized argon.
Z. Naturforsch. A 1978, 33, 11-17.

Gunther, K,; Lang, S.; Radtke, R. Electrical conductivity and charge carrier screening in weakly non-ideal
argon plasmas. J. Phys. D 1983, 16, 1235-1243.

Mihajlov, A.A.; Ignjatovié, L.M.; Sre¢kovi¢, V.A. The new model method of the electrostatic screening
describing: three-component system of the ‘closed’ type. arXiv 2017, arXiv:1703.07613.

Thomas, L.H. The calculation of atomic fields. In Mathematical Proceedings of the Cambridge Philosophical
Society; Cambridge University Press: Cambridge, UK, 1927; Volume 23, pp. 542-548.

Fermi, E. Eine statistische Methode zur Bestimmung einiger Eigenschaften des Atoms und ihre Anwendung
auf die Theorie des periodischen Systems der Elemente. Z. Phys. 1928, 48, 73-79.

Gombas, P. Theorie und Losungsmethoden des Mehrteilchenproblems der Wellenmechanik; Springer: Basel,
Switzerland, 1950.

Mendonga, J.; Tsintsadze, N.; Guerreiro, A. Thomas-Fermi model for a dust particle in a plasma.
Europhys. Lett. 2002, 57, 362-367.

Reinholz, H.; Morozov, I; Ropke, G.; Millat, T. Internal versus external conductivity of a dense plasma:
Many-particle theory and simulations. Phys. Rev. E 2004, 69, 066412.

@ (© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Theory Assumptions
	The Initial System and Basic Characteristic
	The System Properties and Conditions
	The System Equations
	The Additional Conditions

	Ion Cases: Complete Expressions
	 The Ion Densities
	The Electron Densities

	Complete Expressions for the Electron and Ion Densities: The Case (e)
	Determination of the Parameters
	Results and Discussions
	The Properties of the Obtained Solutions
	Interpretation of the Obtained Results
	The Possible Ion–Ion Probe Systems

	Conclusions
	References

