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1. INTRODUCTION

In the previous papers [1, 2], here Part 1 and Part 2,
are developed the methods for describing of the electro-
static screening in single- and two-component systems
(gas of electrons on a positive charged background,
some electron-ion and dusty plasmas etc.). These meth-
ods generate a group of the new screening parameters
which characterize the considered systems. In this
paper the physical sense of these parameters is dis-
cussed, and the reinterpretation of some known screen-
ing parameters (Landau radius, non-ideality parameters
etc.) is given. On the base of results from Part 1 and
Part 2 in this paper are obtained two new screening
parameters which provide the possibility to form a new
hierarchy system of the characteristic screening lengths
and to compare the obtained results with the existing
experimental data.

The material presented in this paper is distributed in
four Sections and one Appendix. In Section 2 are given
the some quantities and relations from Part 1 and Part 2
which should make easier reading of this paper; in Sec-
tions 3 and 4 are considered “small” characteristic
lengths and connected with them non-ideality parame-
ters for single- and two-component systems. Besides,
in the same Sections are introduced “medium” and
“large” characteristic lengths for the considered sys-
tems. The obtained results are compared with the exist-
ing experimental data in Section 4. The conclusions of
this paper are given in Section 5. Finally, one important
example of the application of obtained results, related

'The article is published in the original as submitted by the
authors.
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to the systems with more than two components, is con-
sidered in Appendix A.

2. REMARKS:
THE MAIN QUANTITIES AND RELATIONS

2.1. Single-Component Systems

The density, temperature and the charge of free par-
ticles in the initial (homogeneous) system: N, T, and Ze,
where Z=%1,12, ..., and e—the modulus of the elec-
tron charge;

The screening constant:
,
4m(Ze)

KErlK - [au/aN T’

where du/oN = (N, T)/ON, W(N, T) is the chemical
potential, and r—the corresponding characteristic
length;

ey

The charge density in the accessory (non-homoge-
neous) system with the probe particle:

2

where p, =—ZeN is the background charge density, and
n(r)—the free particle density at the distance r from the
origin of the chosen reference frame;

p(r) = p,+ Zen(r),

In the region r > r, we have that

exp(—xr)

p(r) = —=ZeNryexp(Kry) 3)
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The radius r, and the parameters y,(x) and 7y,(x):
ro = rY(x), ro = rYi(x), 4)

1

1 1
7,(x) = {(1 +x0) - l}m, V() = (1+2) —1,(5)
1
T 3 \3
== (m) , ©)

where r, is Wigner—Seitz’s radius (the radius of the
sphere with the volume 1/N);

The condition of electro-neutrality of the accessory
system:

Ze + jp(r)4nr2dr =0, (7
0
where Ze is the charge of the fixed probe particle.

2.2. Two-Component Systems

The density, temperature and the charge of ions in
the initial (homogeneous) system: N,, T}, and Z;e, where
Zi = l, 2, ceey

The density, temperature and the charge of electrons
in the same system: N,, T,, and Z,e, where Z, = —1;

The ion and electron screening constants and the
characteristic lengths:

1

Ki,eEKl = KO; i,e(l _a)i’
’ Ny ®)
o _[4mze) T
Oibe ™ [a“i,e/aNi,e} ’

Where aui, e/a]vi,e = aui, e(]Vi,e’ Ti, e)/aNi, e’ Mi(lvi’ Tz) and
Ww.(N,, T,) are the ion and electron chemical potentials,
o is the electron-ion correlation coefficient given by
expression

2 3
(1 +x,)exp(—x,) — (1 —x,)exp(x,)’

and Xy = KO; el's; is

®

o=1

The charge densities in the accessory (non-homoge-
neous) systems with the probe particles:

p(i,e)(r) _ Z,»engi’e)(r) —enii’e)(r), (10)

where n" (r) and n\"® (r) are the ion and electron
densities at the distance r from the origin of the chosen
reference frame; upper indexes (i, e¢) pointed the con-

sidered case: (i)—the probe particle charge is equal to
Z;e, (e)—the probe particle charge is equal to —e;

In the region r 2 r.; , we have that
(i,e)
p (}") = Ze,ie(l_a)Ni,erO;i,e

exp(-x; 1)
X eXP(Ki,e”o; i,e)—-—;-l—i—’

(1)

where Z, = -1.
The radii ry, ; , in the cases (i) and (e) and the param-
eters Yv(xi, e) and YK(xi, e):

r();i,e = 'Yx(xi,e)rs;i,e’ rO;i,e = YK(xi,e)rK; ie (12)

1

)5, (13)

x', = Ki,ers;i,e =

s; 1, e r _ ( 3
rK;i,e’ she 4TCNi,e
where r., , are Wigner—Seitz’s radii (the radii of the
spheres with the volumes 1/N; and 1/N,).

The electro-neutrality conditions of electro-neutral-
ity of the accessory systems:

oo

Zi,ee+.|.p(i’e)(r)41tr2dr =0,

0

(14)

where Z; ,e is the charge of the corresponding probe
particle.

3. THE SCREENING PARAMETERS
OF THE SINGLE COMPONENT SYSTEMS

3.1. “Small” Characteristic Length r,
and the Non-Ideality Parameters Y, ;

The connection of r, with Landau radius r; . As it
was announced in Part 1, all characteristic lengths of
the developed method appear already in the case of sin-
gle-component systems. The first of them is “small”
characteristic length r,, given by Egs. (4)—(6), which is
interpreted as a radius of the sphere centered on the
probe particle and classically forbidden for other free
particles. Because of that it was useful to compare the
radius r, with a known characteristic length which has
similar physical sense. Here, we keep in mind Landau’s
radius

(Ze)’

kT ~°

which is used in the case of the classical systems (see
e.g. [3]). In accordance with Eqs. (4)—(6) we have that

15)

r, =

ro = %Kzrf(l +0(xY), x<1, (16)

where in the classical case (Ju/ON = kT/N) the relation
1235 _ (Ze)2

5 = (17)
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is valid. So, in this case the radii r, and r; are connected
by relation
o

lim— = 1.
x—0Iy,

(18)

It means that r; represents an approximation of the
characteristic length r, which is applicable in the region
of small x. Consequently, the parameter r, can be
treated as the generalization of Landau’s characteristic
length r; which introduces into consideration from
physical reasons. Let us emphasize that, contrary to r;
which is principally unlimited, the radius r, < r, for any
Kr, > 0, in accordance with the conditions in real phys-
ical systems require, and that Wigner—Seitz’s radius
ro= limr,.

X o0

The connection of vy, , with non-ideality parame-
ters I' and 7y. From Eqgs. (4)-(6), (16) and (18) follow
the expressions

Ty o

Y= =5 Y« = 7>

Ts Ty

19)

for the coefficients 7y, and 7,. In connection with these
expressions in the classical case one should keep in
mind the relation (18) and the fact that r,. = rj, where 7,
is the corresponding Debye’s radius. With respect to
this it is useful to compare Eqgs. (19) with the expres-
sions for known quantities

_ (ze)

rp  kTry’

rno_(Ze) o _n

I = =
r kTr,’

(20)

N

which usually use as the non-ideality parameters for the
classical systems. Usually the parameters I" and 7, sim-
ilarly to Landau’s radius r; , introduce from some phys-
ical reasons (see for example [3, 4]). From Egs. (4)—(6),
(19) and (20) it follows that in the classical case

m% = 1,
x—0

21

where x = Kr,. It means that the parameters I" and 7y
appear here as approximative values of the coefficients
v, and v, in the classical case in the region x < 1. Con-
sequently, the parameters Y, and Y, can be treated as the
generalized non-ideality parameters of single-compo-
nent systems with any N, T, and Z which make possible
their non-relativistic treatment.

From Egs. (5) and (6) it follows that the coefficients
v, and 7, represent the functions of the parameter r/r,
which is closely connected with another known classi-
cal quantity. Namely, in the classical case (r, = rp) we
have that (r/rp)~ = nj, where np, is so called Debye’s
number, i.e. the mean number of the free particles in the
sphere with the radius 7.
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Fig. 1. The behavior of the parameters Y, = rp/r; and ' =
rplrg, and ¥, = ro/rc and y = r;/rp, defined by Eqgs. (4)—(6)
and (20), as functions of x, in the classical case.

The behavior of the coefficients vy, and 7y, and the
parameters I" and 7y as functions of «r is illustrated in
Fig. 1. This figure shows that in the region kr, < 0.5 the
values of parameters I" and y are practically same as the
values of ¥, and vy, and. They values left very closed up
to the value xr; = 1.

3.2. “Medium” Characteristic Length r,
and the Radius r,

The charges Q;, o.(r). The electro-neutrality con-
dition Eq. (14) can be presented in the form: Q;,(r) +
Qou(r) =0, where 0 < r < o0, and the quantities Qy, ,u(7)
are given by expressions

0.(r) = Ze+jp(r')4nr'2dr',
Y (22)
Qou(r) = [p(r)dnrar,

with the charge density p(r) defined by Eq. (2). One can
see that Q;,(r) and Q,,(r) represent the total charge
inside the sphere with radius r, centered in the point O,
and the total charge of the rest of the space, respec-
tively.

Probably, the quantities Q;, ,,(r) could have differ-
ent applications. So, the fact that in the considered case
the total average charge of the probe particle self-
sphere, i.e. Q;,(r = r,), is strictly equal to the average
charge of the free particles inside this sphere, can be of
interest. However, in the further consideration the
quantity Q;,(r) will play only an accessory role.
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5 —xkry=1
----- Krg = 713

|P(r)ry/Ze|, arbitrary units

Fig. 2. The behavior of the radial charge density
P(r)= 4Tcr2p(r) for the cases: kry = 1, when Kry < 1; xry =
71/3, when kr( = 1; xry = 3, when xr( > 1. The points where

P(r) has the maximal value are denoted by r,.

Namely, it will be used only the fact that Q,,(r),
obtained by means Egs. (2) and (22), has the physical
sense in the whole space (including the region r < r,),
and can characterize the degree of the probe particle
charge screening.

The connection of r, with the radius r. In the case
of single-component systems the screening constant K,
defined by Eq. (1), represents one of the main parame-
ters in both methods—the method developed in this
work and Debye-Hiickel’s (DH) method. Conse-
quently, the characteristic lengths r, = 1/ has to be
treated in the similar way.

Within DH method it is usual to interpret r,, which
is equal to Debye’s radius r, in the classical case, as the
screening radius. That is based on the fact that r, is a
distance from the probe particle where the DH electro-
static potential (described in Part 1) becomes less than
Coulomb potential of this particle by the factor ¢!

Here we will consider the role of radius r, from
other aspect in order to clarify its real physical sense in
both methods and determine the region of its applica-
bility. For this purpose, we will introduce the radial
charge density P(r) = 4nr’p(r), where p(r) is given by
Eq. (2), and the characteristic length r, defined by rela-
tion

|P(r.)| = 0m:':lzcmlP(r)l. (23)

<r
The behavior of P(r) for several values of x = xr, is
shown in Fig. 2. This figure illustrates the fact that for
Kr, < 7'/ the point r > r, there is in the region r = r,,
while for kr, > 7'3 we have that r. = r,. Since in the
region r > r, the charge density p(r) ~ exp(—xr)/r, the
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parameter r, for kr, < 7' represents the root of equa-
tion
dP(r)
2 -,
dr
where P(r) ~ rexp(—xr). Consequently, in this region

the parameter r, is equal to r,.. It means that within the
method developed in this work we have the relations

(24)

ro = (25)

1/3
{rK, O<xr,<7",
173
ro, 1 SKr,<oo,

which determine the real physical sense of the radius r,.
Namely, from Eq. (25) it follows that r,. has the physical
sense only in the region kr, < 7' where r, = r,, while in
the region kr, > 7'7 the length r, loses any connection
with the charge distribution in the probe particle neigh-
borhood and, consequently, loses any physical sense.
Let us emphasize that on the base of above mentioned
one can conclude that it is always r, 2 r,.

Then, we will consider the problem of screening of
the probe particle as a problem of compensation of its
charge Ze within the sphere of a radius r centered at the
probe particle. For that purpose we will draw attention
to the fact that uncompensated part of this charge in the
case of such a sphere is equal to the charge Q;.,(7).
Keeping this in mind, we compared the charge Q;,(r,)
with the charge Ze in the region r,. > r,. Using the rela-
tions (22) and (2) it could be shown that in this whole
region Q;,(r,) > 0.735Ze. From here it follows that the
radius r,, as well as the radius r,, cannot be treated as
a characteristic length of full screening (neutrality) of
the probe particle charge. Because of that, such a char-
acteristic length is determined here in another way.

3.3. “Large” Characteristic Length r,

The charge Q,,(r) and the quantity v(r). In accor-
dance with Eq. (2) and the condition Eq. (7), the charge
0;,(r) can be presented in the form

Qin(r) = _Qout(r) = ZEV(V), (26)
where the quantity v(r) is given by the expression
v(r) = '[[N—n(r')]41tr’2dr', 27

r

and n(r) is the free particle density in the considered
system with the probe particle.

Although the expressions (27) for v(r) can be deter-
mined for any r > 0, this quantity has a special physical
meaning in the region r = r,. Namely, it can be shown
that in this region v(r) represents the mean number of
particles whose surplus into the mentioned sphere of
radius r and corresponding deficit in the rest of the
No. 2
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space causes the deviations of Q;,(r) and Q,,(r) from
zero. Because of that only the quantities Q;,(r) and v(r)
in the region r; < r < o will be needed in this paper.
From this reason in further considerations we will use
the expression for v(r) which is applicable in the region
ro < r < oo, since it is always r, < r,. In accordance with
Eq. (20) for a(r) from [1] we have that

v(r) = (1 +xr)exp(-xr)x(x), r>r, (28)
where x = xr,, and x(x) is defined by Eq (30) and illus-
trated by Fig. 3 from Part 1.

Similarly to Q;,(7), the quantity v(r) could have also
some different applications. For example, knowing of
v(r = r,) makes possible to estimate the density N, of
pairs of particles with the inter-particle distance less
then r,. Namely, in the binary approximation (not more
than one particle inside the self-sphere of any particle
in the initial system) it can be shown that: N, =
(1/2)Nv(r,), where v(r,) is given by Eq. (28) with r=r,.
However, in further consideration the charge Q;,(r) and
the quantity v(r) will play only an accessory role.

The characteristic length r, as the neutrality
radius. In order to determine the required “large” char-
acteristic length one should consider the charge
0,;.(r) = Zev(r) in the region r = r,, where v(r) is given
by (28) and has the sense which is described above. Let
us remind that in this region the charge Ze of the probe
particle is already completely compensated by back-
ground charge of the probe particle self-sphere. Conse-
quently, in the region r 2> r, the charge Q;,(r) represents
a quantitative characteristic of deviation of the neutral-
ity of the sphere with radius r, centered at the prove par-
ticle, which is exceptionally caused by the charge of
v(r) particles which are enter in this sphere from the rest
of space.

From (26) and (28) it could be seen that |Q;,(r)| in
the region r > r; almost exponentially decreases from
the maximum value |Q,,(r,)| down to zero, with the
increasing of . Consequently, as the requested screen-
ing length, denoted here as r,, can be taken the root of
equation

0u(r)] _
|Qin(rs)| ’

where Q;,(r) is given by (26) and (28). In accordance
with this r, can be treated as the neutrality radius. Here,
r, is the radius of such a sphere centered at the probe
particle for which charge exchange with the rest of the
space becomes practically negligible in comparison
with the similar exchange in the case of probe particle
self-sphere, which is illustrated by Fig. 3. In the case of
the initial system (see [1]) the radius r, can be inter-
preted as a radius of minimal sphere which can be con-
sidered as practically neutral one.

(29)
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Fig. 3. The visualization of the quantity v(r) = Q;,(r)/Ze for

r=rgand r=r,.

From (29) and (28) it follows that the characteristic
length r, represents the root of the equation:

1+ xr _ -
1+Krsexp[_K(r_rs)] =e ,

(30)

which can be determined only numerically. Here, it is
presented in two equivalent form, namely
€2y

ril = rsns’ rn = rKnK’

where the coefficients 1, and 1, are taken in the form

N, =[1+x+gx)l/x, Ne=1+x+g(x), (32)
since the member g(x) can be very well approximated

by means of the easy expressions

0<x<1,
(33)

1.14619 — x + 0.43688x°,
g(x) =
1<x<oo,

1/x —0.5/x> +0.08307/x°,

where at the point x = 1 both expressions give the same
value g(1) = 0.58307. For the coefficients 1, and 1, we
obtain then following approximate expressions

2'1‘)‘6619 +0.43688x, O<x<lI,
Ns = I/, 1 05 008307 (34)
I+ l+--—+ 3 , 1<x<oo,
X X X
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My> M

1 1 1 1 ]
0 0.5 1.0 1.5 2.0

X=X

Fig. 4. The behavior of the coefficients Mg =r,/r;, My = 1,/7.
Full lines show 7 and M, numerically determined from

Eq. (30); dashed lines—the same quantities determined by
approximate expressions (34) and (35).

2.14619 + 0.43688x°, 0<x<1,

= 35
N« x+1+1(1_@+0_.082307), 1Sx<oo,( )
X X X

where x = kr,. The behavior of 1, and 1, obtained
numerically from basic Eq. (30) and by approximative
expressions (32) and (33), is illustrated in Fig. 4. This
figure shows that the mentioned approximative expres-
sions give very good results. From (34) it follows that:

limm, =e and limn, = 1. Consequently, on the base
x—0 X —> oo

of (31) we have it that: r, < r, < 0 for any xr, > 0, and
Wigner—Seitz’s radius r, = lim r,. Then, from (35) it

X — o0
follows that: 1, > 1 for 0 < xr, < eo. On the base of (31)
we have it that: r, > r, for any xr, > 0.

4. THE SCREENING PARAMETERS
OF THE TWO-COMPONENT SYSTEMS

4.1. “Small” Characteristic Lengths r_; ,
and Non-Ideality Parameters ;.; , and Y., ,

The connection of ry,; , with Landau radiir,,; .. In
Part 2 it was shown that the simplifications which give
the possibility to describe a two-component plasma in
DH method by means of unique screening constant are
unacceptable and that its ion and electron components
have to be described by own screening constant ¥; and
K, given by Eqgs. (8) and (9). One can see that these
screening constants are substantially different from the
DH screening constant (see [2]). In the general case
K; # K,. Unique exception is the case of completely clas-
sical plasma with Z; = 1, and T; = T,, but even in this
case the common value of ion and electron screening

constants is significantly different from DH screening
constant.

The existence of two special screening constants K;
and x, causes that in the case of two-component plasma
we have two groups of screening parameters, analogous
to the screening parameters described in the previous
Section, but for ion and electron components separately
(see [2]). As first, we will consider “small” characteris-
tic lengths r,, ; and ry, ,, which are analogous to the char-
acteristic length r, in the single-component case, and
have the sense of radii of the spheres centered on the
probe particles which are classically forbidden for the
ions in the case (i) and for electrons in the case (e).

Keeping in mind Eqgs. (5) and (12), as well as the
facts that (1 — o) = 1 in the case of weakly non-ideal
plasma and that in the classical case d; /ON;, =
kT; /N; ., we have the relation

lim % = 1,
xi78—>01"L; ie

(36)
where x; ,=X; r,.; .and r;,; and r;. , are known ion and
electron Landau’s radii, namely

_(Ze) s
Fr.e = kT

(37)

Fr,i = kT,

One can see that r;,; and 7., represent the approxi-
mation of . ; and r, , in the classical case in the regions
x; . < 1. Consequently, in the case of two-component
classical plasma the characteristic lengths ry. ; and 7o, ,
can be treated as the corresponding generalization of
Landau’s radii r;. ; and ;. . It is important that, contrary
to ry.; , which are principally unlimited, the radii r,; , <
Iy forany x; r.. >0, and that Wigner—Seitz’s radii

lim ry. ;.
Xi,z_>°°

rs; i,e =

The connection of y,.; , and y,.; , with non-ideal-
ity parameters I'; , and v; .. On the base of Egs. (5),
(12), (36) and (37) in the case of classical plasma, we
can obtain the relations

llm ,YS; i,e
X, —0 i,e

YK;i,E — 1’

=1, lim

X o0 Yi, e

where x; , = X; ,r.; , and the quantities I'; , and v; , are
often used the classical ion and electron non-ideality
parameters, given by relations

(38)

r - ey
BT RT e

i,e's;i,e

2
L (Zeo) 39

e kT[,e X; i, e
Let us emphasize that the parameters I'; , and v, ,
similarly to I" and vy in the single-component case, are
also introduced from “some physical reasons” (see for
example [3, 4]. However, one can see that I'; , and v, ,
represent the approximations of the ion and electron
non-ideality parameters 7,.;, and 7,.;, in the region
HIGH TEMPERATURE  Vol. 47
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x; . < 1. Consequently, v,.,; , and ¥,.; , can be treated as
the generalization of ion and electron non-ideality
parameters of two-component classical plasma. The
behavior of v, , and vy,.; . as functions of x; ;. is
similar to the behavior of analogous parameters in the
case of single-component system (see Fig. 1).

Let us draw attention that, contrary to the single-
component case, the coefficients v,.; , and Y. , illus-
trate the physical inadequateness of Debye’s parame-
ters rp and ny for two-component systems. Namely, in
accordance with Egs. (12) and (13) these coefficients
represent the functions of the parameters ry.; /ry.; ..
However, in two-component case we have that r,.; , # rp

and the quantity (ry,; J/re; )= # np.

4.2. “Medium” Characteristic Lengths r,.; ,

The charges Qf,'l';,)m (r). Similarly to the single-com-

ponent case, we can take the electro-neutrality condi-
tion (14) in the form: QU7 () + Q% (r) = 0, where

n out

0 < r < o, and the quantities Q\" (r) and Q%" (r) are
given by relations

Qi(é’e)(r) = Z[’ee+J.p(i’e)(r')41'cr'2dr',
o (40)
0u’(r) = [p"(r4nriar,

with the charge density p®¢(r) defined by Eq. (10).

Similarly to the single-component case, Qi(,’;’e) (r) is the
total charge of the whole sphere with radius r, centered
at the probe particle, and Q"

the rest of space.

() is the total charge of

In all further considerations it is needed to know the
charges Q\r ' (r) only in the region r,,; , < r < o. Keep-

ing in mind Eq. (11), as well as the fact that Q\* ) (r) =
—0% (r) under the condition (14), we have that

out

05(r) = Z; e(1—a)y(x; ) (1 + %, ,7)
X exp(—K; 1),

(41)
Foi o ST <00,

where x; , = X; .7y, .» Z,=—1 and (x) is the same func-
tion as in Eq. (28).

For the practical applications of described method it
is important that the expression (9) for the coefficient of
the electron-ion correlation o, which figure not only in
Eq. (41), but in expressions for all relevant quantities,
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Fig. 5. The behavior of the parameter o, given by exact
expression (9), and by approximative expressions (42)
and (43).

can be very well approximated by two simple expres-
sions, namely

2 <§
0% 0<% <5

where the right side represents the first member of the
expansion of right side of Eq. (9) in the series with the
respect to x,, and

1 2 1 2\ 12
oc:mxx(l+ﬁxs) , O0<x,x10"".

o= —x (42)

(43)

The behavior of the coefficient o, given by Egs. (9),
(42) and (43) is illustrated by Fig. 5.

The connection of r,..; , with the radiir,,; ,. In the
two-component case the ion and electron screening
constants k; and K, have the sense of basic parameters
of the method developed in [2]. Consequently, the cor-
responding radii r, = 1/«;and r, = 1/k, also represent
the screening parameters of this method. In order to
clarify the real role of r, we will introduce the char-
acteristic lengths r..; and r,. , which in the cases (i) and

(e) have the similar sense as the radius r, in the single-
component case.

It can be shown that in the regions 0 < x; ,r;.; , <1
the parameters r,.; , are the roots of equations
(i, e)
ap_ (r) _ 0, (44)
dr

where P%9(r) = 4nr?pt9(r), and p“(r) is given by
Eq. (11). Consequently, we have that in the region
0 <x; .7y, . <1 the relations

si,e

rC;i,e = Ties rc;i,e>rx;i,e (45)
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Fig. 6. The behavior of the coefficients 1 and n, in the
region 0 < x; = K. 7. , < 2 where the classical and general
expressions for these coefficients give practically the same
results. The case of plasma with Z; = 1 and T; = T,, when

K0; os; e = Ko, of's; i = X5 18 presented. The shift of the cross-
ing point of the curves presented related to the point
Ko, ofs;e = 1 is caused by the application of the general

expressions for 1, and M.

are valid. Due to the behavior of p®¢(r), which is
described in [2], we have it that in the case K; ry.; , =
1 the parameter r,.; , < r,.; .. In all examined cases in
the region 1 <x; ,r,.; , <o we obtain that

v, e

rO;i,eSrc;i,e’ I”C;[’e;/-'l"Ki‘g, (46)
except of the points x; , =73, whereitisr.; ,=rq; .=
¥o.i. .- From just mentioned it follows that the radii r,

and r, have clear physical sense only in the region
0 <x; .7, . <1 where it is defined by the relation (45).

Then, similarly to the single-component case we
have to examine the behavior of the charge Q¢ (r =

r..; ) fori, .. < 1. Since in this case Qr () is given

by Eq. (41), we have that Qi (r.;,) > 0.735(1 —

o)X (x; )Z; .e. It means that er'l o (7. .), in accordance

with the behavior of y(x; ), is comparable with the
probe particle charge Z; ,e, excluding eventually the
region x; , > 1. Consequently, excluding the cases
when o is close to unity, the parameters r.; and r,.,
cannot be treated as a characteristic length of full
screening (neutrality) of the probe particle charges in
the cases of (i) and (e). Because of that, such character-
istics lengths are determined here in the similar way as
in the single-component case.
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Finally, we wish to draw attention to the fact that in
the weakly non-ideal plasma (1 — o = 1) the radii 7.
and r,., are very closed to “medium” characteristic
lengths in the corresponding single-component systems
(ion gas on the negative background and electron gas on
the positive background). This fact has already been
considered in connection with non-applicability of DH
method in the case of two-component plasmas.
Namely, in [5-9], where the case of the classical plasma
with Z;, = 1 and T, = T, were considered (see [1]), the
screening constants and radius close to x; , and ry.; , =
1/x; , were used, instead of DH screening constant K,
and radius rj, = 1/K;,. The results obtained in this work
justify such a choice.

4.3. “Large” Characteristic Lengths
r,.;and r,., as the Neutrality Radii
The expressions for r,,; and r,, .. Similarly to [1],
we will introduce the screening lengths r,.; and r,.,
which represent the roots of the equations

(i, €)
il @
Qin, ' (rs; i,e)

where the charge fol * (r) is given by Eq. (41) and one
of Egs. (9), (42) and (43). From it follows that Eq. (47)
can be taken in the form

L+x -
I +x; .7

siye

expl—K, (r—ry; )] = ¢, (48)

which is the same as the form of the corresponding
equation for the radius r, from previous Section. Con-
sequently, we have that r,.; and r,., are given by rela-
tions

rn;i = rx; ins(-xi)’ rn;e rs;ens('xe)’ (49)

rn;i = rK; inK(-xi)’ rn;e = rK;enK(-xe)’ (50)

where the coefficients 1 (x) and 1(x) are given by Eqs.
(32)—(35). On the base of these expressions we have it
that the relations r,,,; , >r;.; ;andr; ,= lim r,.;, as

n;i,e s, e
Xj oo

well as r,.; , > r., . are valid in the whole regions
0<XK; oFy o <oo.

The behavior of the coefficients n(x; ,) and N (x; ,)
in a wide region of x; , = X; .r.; ., which are given by
Egs. (8), (9), (13), (32)—(35), (49) and (50), is displayed
in Figs. 6 and 7. These figures clearly illustrate the
changes of the behavior of ny(x; ,) and N (x; ,) with the
increasing of deviation of the screening constant X; ,
from their classical values in the case x; = x,. Namely,
Fig. 6 shows the behavior of n(x;) and nx;) in the
region 0 < x, = ¥, 7., < 2 where the classical and gen-
eral expressions give practically the same results, while
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Fig. 7. The behavior of coefficients 1, and 1 in the region
(ch)

K

behavior of these coefficients obtained in the classical case.
The real behavior of the same coefficients obtained with the
general expression (14) for K. , is presented with: O—for

N, =10" ecm™, o—for N, = 10% cm™, A—for N, =
102! cm’3, and v—for N, = 1022 cm™ in the case 1, and
with: ®—for N, = 10" cm_3, ®—for N, = 10%0 cm_3, *—
for N, = 10?! em™3, and *—for N, = 10?2 cm™ in the
case M.

Xg = Ko oF5 0 > 2. The curves ngd) and M show the

Fig. 7 is related to the region 2 < x, < 15 where the clas-
sical and general expressions give very different results.

The applications and comparison with the exist-
ing experimental data. As we have already mentioned,
the necessity of interpretation of experimental data
caused several attempts (see for example [10-12]) to
determine of the characteristic screening length r,, for
two-component plasma which was taken as: r, =
k.. prp, where rp, is Debye’s radius for two-component
system (see [2]). In order to compare the values of r,
and r,, we take here r, in the form

Foer = kch;i’ (51)
where the correction factor k. = k. prp/r,. ;. We will have
in mind that the classical plasmas with Z; =1 and 7, =
T, has been considered in the above mentioned papers,
and that in such plasmas: 7y, ; =1y ., K; = K,, I'.; = Fc. r
Ty i =Ty and M., =M. The comparison of our results
with the existing experimental data is performed for
several cases and is presented in Fig. 8. This figure
shows the behavior of the parameter 1. ; determined by
(49), (50) and the correction coefficients k. taken from
[10, 11, 14-16] in the region 0.6 < kr, < 1.0. One can
see a good agreement with the correction coefficients
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Fig. 8. The comparison of the coefficient n, with the correc-
tion coefficients k. = ry/r. » Where rg, is the effective

screening length determined in several papers on the base of
experimental data. The cases of completely classical plas-
mas with Z; = 1 and 7; = T, are presented. The values of k.

are shown with: % and *—/[11, 14], V and O—{[11, 16], O—
[11,13], @—[11, 15]. With @ are shown the values of k.. for

the same N, and 7, as in [14], but determined by means of

expression for the plasma conductivity from [17]. The
curves k.. gn and k.. gLr show the behavior of k. deter-

mined by means of analytical expressions from [10] and
[11, 16], respectively.

obtained from several measurements of conductivity
from [14, 16].

In order to examine usage of r,.; , as a screening
radius in the expressions of Spitzer’s type for the con-
ductivity of plasma, we performed a calculation of con-
ductivity for a fully ionized plasma with Z;= 1 and 7, =
T,=T, wherer, ;=r,.,. The cases of plasmas with N, =
10'® cm™ and 10" cm™ in the region 10* K < T <5 X
10* K were considered. The conductivities were deter-
mined by means of corrected Spitzer’s expression [14]
where Debye’s radius r;, for two-component plasma is
replaced (in so called Coulomb logarithm) by screening
radius r.,. The calculation was performed for r, = rp,
Feor = kent'p» Where ki is the corrected factor from [10],
and r, = r,,.;. The results are presented in Figs. 9 and
10. In the same figures the corresponding values of con-
ductivity determined by improved RPA method which
is applicable for dense non-ideal plasmas [8, 9, 12] are
also presented.

The Figs. 9 and 10 show that Spitzer’s conductivity
with ry, = r,,.; apparently converge to RPA conductivity
with the increasing of electron density N, from 10'® cm™
to 10! cm, while Spitzer’s conductivity with r, = r,
and r, = kgn7p lie significantly above. One can see that
use of ry, = r,.; provides the complete agreement with
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Fig. 9. The Spitzer’s and RPA conductivity of plasma with
Zi=1,T;=T,=Tand N, = 10"8cm3. The values of RPA
conductivity (@) are taken form [12]. Spitzer’s conductivi-

ties are determined by means of expression from [11, 14],
with the corrected screening radius r,, and the correspond-

ing calculations are performed for: ry.. = rp—dotted curve;
Fser = I'pkgn—dashed curve; rg., = r,. —full curve. Here
rpis Debye’s radius for two-component plasma (see
Part 2), and ki is the corrected factor from [10].

the results of RPA calculations in the case N, = 10" cm.
It is important that this agreement becomes better when
the non-ideality degree increases.

5. CONCLUSIONS

The new model method for describing of the elec-
trostatic screening in single- and two-components sys-
tems (electron-ion plasmas, dusty plasmas, some elec-
trolytes, etc.) developed in [1] and [2] of this work, gen-
erates a group of new screening parameters. Here, we
keep in mind “small” characteristic length r, and the
non-ideality parameters Y, and v, in the single-compo-
nent case, and the corresponding characteristic lengths
¥o. i . and the non-ideality parameters v,.; , and y,.; , in
the two-component case.

In connection with the mentioned screening param-
eters is established that r, and ry, ; , represent the gener-
alization of classical Landau’s radii r; and 7, ; ,, and
Ys. 10 Vs i, e» and Y. ; —the generalization of known clas-
sical non-ideality parameters I" and yin the single-com-
ponent case, and I, and v; , in the two-component
case.

Apart of that, in this paper are introduced into con-
sideration “medium” and “large” characteristic lengths
r. and r, in the single-component case, and r,.; , and
I'n..i. . n the two-component case. The behavior of these
radii is examined in the whole regions 0 < Kr, < e and
0 <X; .1y i . <o, where K and K; , are the corresponding

i, el s;i,e
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Fig. 10. Same as in Fig. 9, but for N, = 1019 em=3.

screening constants, and r, and r,.; —the correspond-
ing Wigner—Seitz’s radii. It was found that the consid-
ered characteristic lengths satisfy the relations

ro<ry<r,, r,=limr, = limr, (52)
X —> X — oo
rO;i,e<rs;i,e<rn;i,e’
. . (53)
Feio = lim ryg,, = limr,,,,
X,_‘,—)w Xi,r‘_)‘>°
rOSrc<rn’ r();[,esrc;i,e<rn;i,e’ (54)

where x = xr; and x; , = X; 7. ; .. These relations estab-
lish the two hierarchy systems of the characteristic
lengths, and causes a redefinition of Wigner—Seitz’s
radii as a boundary screening lengths.

Then, it was found that the radius r, = 1/k in the sin-
gle-component case has the sense only in the region of
x<7'®, where r,=r,, and the radii ., , = 1/x; , have the
sense only in the regions x; ,< 1, where r.; , =7, . in
the two-component case.

The results of application of the characteristic
length r, ; as the neutrality radius were compared in this
paper with existing experimental data in the cases of the
classical plasmas with Z, = 1 and 7, = T,. It was found
their very good agreement.

Finally, we wish to draw attention that developed
method is suitable for some astrophysical applications.
Here we keep in mind that in outer shells of stars the
physical conditions change from those which corre-
spond to the rare, practically ideal plasma, to those
which correspond to extremely dense non-ideal one.
However, the method presented gives a possibility to
describe the electrostatic screening of all such outer
shells in the same way, by means of the obtained
screening characteristics.
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APPENDIX A

THE LOWERING OF THE ATOMIC IONIZATION
POTENTIAL IN PLASMA

The method developed in [1] and [2] serve for
describing of the electrostatic screening in the single-
and two-component systems which contain only
charged particles. However, as it is well known, the
presence of the neutral component in plasma can often
be neglected from the aspect of inner-plasma screening.
It gives the possibility to apply the results obtained in
this work on the problem of the lowering of the atomic
ionization potential in plasmas with the neutral compo-
nent (see Part 1). In such a way we will be able to com-
pare the results obtained within the developed and DH
method. The results of this comparison will give
another important example of the inapplicability of DH
method.

In this context we will remind that in [2] the poten-
tial energies U® and U of the ion and electron in
plasma were determined. In the case Z;=1and T;=T,,

when U = U, the ion potential energy U?” was com-
pared with the corresponding DH ion potential energy
Ug). Then, we will denote with Al and Al the
atomic ionization potential determined within the
developed and DH method, and take into account that
Al ~ U and Al |, ~ U where the proportionality
coefficients are equal or at least very closed. From here
it follows the relation

Al vt
AIalt;D= Ug)

(55)

The behavior of the right side of this relation is
shown in Fig. 5 of [2]. Accordingly to this figure we can
conclude that Al,/AIL,., < 0.8 in the whole region
0 < K7y, ; <oo. It is important to noted this fact, since the

HIGH TEMPERATURE  Vol. 47 No. 2 2009

handbooks (see also [3]), often used in laboratories,
recommend just DH lowering of the atom ionization
potential Al,., which would not be taken as one of
screening characteristics of electron-ion plasmas.
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