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On the basis of calculated values for the conductivity in an external electric field, we deter-
mined the high-frequency characteristics of plasmas under extreme conditions (e. g. dense
plasma focus device). The examined range of frequencies covers the IR, visible, UV, XUV up
to X regions and the considered electronic number density and temperature are in the ranges
of 102! cm3 < Ne <5-10% cm~3 and 2-10* K < T'< 106 K, respectively. The data obtained using
this method are important for plasma focus research, laboratory plasma research, investiga-
tion of atmosphere plasmas of astrophysical objects like white dwarfs with different atmo-

spheric compositions.
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INTRODUCTION

The properties of dense plasmas under extreme
conditions are of great interest in various research
fields like nuclear physics, astrophysics, terrestrial
physics, plasma physics [1-10]. Exploring and im-
proving the new calculation possibilities, simulation
techniques and the extension of numerous models in
connection with the dynamic properties in the physics
of high energy are in the focus of investigators nowa-
days [11]. Further investigation of strongly correlated
plasma and investigations of its electronic properties
remain an ongoing problem. For an example theoreti-
cal calculations and measurements of reflectivity are
important because of'its possible use as diagnostic tool
in the area of high-density and high-energy physics [9,
12].

Determining high-frequency (HF) plasma prop-
erties in the homogeneous electrical field has been a
subject of substantial investigation recently and is ex-
periencing a real boom these days. The reason for this
is the rapid development of experimental facilities in
the field of extreme conditions aimed for demonstrat-
ing nuclear fusion in the laboratory [13, 14], for devel-
oping intense radiation sources with special properties
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[11,15], and to investigate important and fundamental
physics processes in astrophysics [ 16]. Unfortunately,
the theoretical work and the explanations of these ex-
perimental measurements lag behind experimental re-
search and do not follow it. Therefore, there was a
need for more serious and even harder work in the field
of theoretical work. There are two basic approaches to
those theoretic studies: the generalized Drude-Lorentz
model, [17], or the review [ 18], and the method of mo-
ments [19]. In addition, we have been working on the
direct extension of the modified random-phase ap-
proximation for the calculation of the HF properties
[20]. It should also be noted here, that we have to take
advantage of growing high performance computing
resources in the area of simulations and catch up and
reach experimental research.

The aim of this work is determination of HF
characteristics of non-ideal plasmas. All the presented
values, like the electrical permeability and the coeffi-
cients of refractivity and reflectivity, as well as electro-
magnetic (EM) field penetration depth, are obtained
by the help of the numerically calculated values for the
dense plasma dynamic conductivity in an external HF
electric field. The determination of the dynamic con-
ductivity of a highly ionized plasma in a HF external
electric field, as well as obtaining the other plasma pa-
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rameters relies on the method presented in [20]. The
method itself is based on the self-consistent field the-
ory developed for the static plasma transport coeffi-
cients calculation, such as static plasma electric con-
ductivity, efc. After the experimentally proven validity
of the presented theory in the investigated domain of
the electron densities and temperatures, the method
was tested in the domain of more dense, non-ideal
plasmai. e. was applied for calculation of conductivity
of Degenerate B-type (DB) white dwarf atmospheres
[21,22]in wide area of electron densities and tempera-
tures.

This work focuses on the determination of dy-
namic characteristics of dense plasmas as well as on
introducing usable form of the presentation of calcu-
lated data (fitting formula) important for laboratory
applications, e. g. dense plasma focus device (DPF), as
well as for astrophysics modeling. All the data pre-
sented here will very soon be accessible through
http://servo.aob.rs as web service and database.

USED MODEL METHOD

This paper considers a highly ionized plasmaina
homogenous and monochromatic external electric
field E(1)= EO exp(—iot ). According to [21] and [23],
the dynamic electric conductivity of a strongly cou-
pled plasma

_4e’ _dw(E)} _
a(w)—m{rw(E{ 5 [PEVEAE =

=0pe(@)+ioy,(w) (1)

is presented by the expressions

_4e’ T wE) [ dw(E)]
Ope(@) 3m£1+[a)r(E)]2_ dE _p(E)EdE(’z)
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Here e, m, and E are the charge, mass, and energy
of the free electron, p(FE) is the one-electron states den-
sity in the energy space, w(E)=[exp(SE —Bu)+ '-
the Fermi-Dirac distribution function, £ — the chemical
potential of the ideal gas of the free electrons with the
density n. and the temperature 7, § = (kgT )~!, and the
relaxation time 7, (E)=1(E)/ (1-iwt(E)). In upper
expressions 7(E) is the “static” relaxation time and the
method of determination of 7(E) is described in the pre-
vious papers [21, 23, 24] in detail.

Other HF plasma characteristics can be expressed
in terms of the quantities o (@) and o}, (). In this way
the plasma dielectric permeability is shown as

g(a)):1+iﬁ0(a))=gke(a))+iglm(a)) 4)
w

where gp.(0)=1-(4n/ ®)0o |, (®w)and gy, (w) =
=(4n/ w)o . (). The coefficients of refraction n(w),
and reflection R(w), are determined as

@) =e(@) =g (@) +inyy, (@),

2
R(w)= n(w)-1 (5)
n(w)+1

where, bearing in mind that
(@) =[exe @)+, (@)
the real and imaginary part of refractivity are given by
e (@) =[05(e(@)| + £ge (@))]'

1/2
]

and
iy (©) =[05((@) ~ere (@))]"7.
From here the equation for the reflectivity could
be expressed as

1+[g(@) -2 (@) + &g (@)

)= 1+‘g(a))‘+ﬁ1/‘e(w){+8Re(a))

In such a way, we determined the other parame-
ter of interest 7. e. the penetration depth of electromag-
netic radiation into plasma, A(@). This quantity is the
skin-layer width determined as the inverse imaginary
part of the electromagnetic field wave number A(®) =
= (c/o)[1/nyy (@)] where c¢ is the speed of light and ¢y,
(@) is defined above.

Here, it is common to use a dimensionless cou-
pling parameter, the plasma non-ideality coefficient I,
that characterizes the physical properties of the
plasma. It is of especial importance in describing of
dense, non-ideal plasmas, as ones considered in this
paper. The mentioned parameter I = e’/akT as such
characterizes the potential energy of interaction at av-
erage distance between particles a = (3/4n Ne)'” in
comparison with the thermal energy. The well-known
Brueckner density parameter 7, = a/ag is the ratio of
Wigner-Seitz and Bohr radius.

RESULTS AND DISCUSSION

As the continuation of previous investigation,
that is of interest for DB white dwarf atmospheres [21,
22] and high energy research, the calculations of the
HF characteristics of plasma in wide area of electron
densities and temperatures were conducted. The in-
vestigated areas are of interest for both of the labora-
tory experiments, e. g. DPF, and atmospheres of differ-
ent stellar types like degenerate a-type (DA), or
degenerate c-type (DC) white dwarfs.

The electrical permeability and the coefficients
of refractivity and reflectivity of dense non-ideal plas-
mas are determined on the basis of numerically calcu-
lated values for the dense plasma dynamic conductiv-
ity in an external HF electric field. Here are considered
electronic number density and temperature in the
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ranges of 10*' cm* <Ne<10** cm*and 2:10*K < T'<
10° K, respectively. The examined range of frequen-
cies @ covers the region 0 < @ < w,, where 0, =
= (41 Nee*/m)'"? is the plasma frequency.

Within the considered ranges of variation of
electron density and temperature, the behavior of the
HF plasma quantities with the increase of the Ne and T’
is as it is expected. This means that the behavior of
those characteristics, with the increasing of Ne and 7,
remains the same within the whole range of electron
number densities and temperatures 10*' cm™ < Ne <
<10 ecm™. The same conclusion is also related to all
yielded parameters, including the penetration depth
A (w). From the results it could be observed that for the
long-wavelength radiation, i. e. frequency tends to
zero, there is interesting dependence on temperature
and frequency of skin-effect A at surface plotin fig. 1.
Also, the reflectivity coefficient tends to 1, mining the
plasma layer acts as a mirror.

Particularly, here we give special attention to
analysis of reflectivity data because this quantity is
very important in high energy density plasmas (mea-
surements as an important diagnostic tool provide in-
formation about the density profile). In fig. 3 we com-
pare the behavior of reflectivity coefficient R,
determined in this paper, with the behavior of the cor-
responding quantities calculated in [25] for ;=5 and
1=0.1,I"=0.5, I'=1 and also forI'=0.5and r»,=0.4, r,
=1 and r, = 2. Here 7y and I are previous defined
Brueckner density and non-ideality parameters, re-
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Figure 2. Down: the plasma reflectivity for Ne =10 cm™
and 2-10* K < T<10°K; up: same as in lower panel but for
Ne=10" cm™
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Figure 3. The plasma reflectivity as a function of w/w, for
various values of quantities 7; and I"; present results are
shown together with results from [25]

spectively. The corresponding curves showing theo-
retical data from [25] are presented by full, dashed,
and dotted lines. Figure 3 shows a qualitative agree-
ment (the differences are less or close to 10-25
percents) of our results with the results of [25] in the
whole region of w and for all values of and
non-ideality parameters. By analyzing the behavior of
corresponding curves in figs. 2 and 3 one can see the
tendency that increase in the density and coupling pa-
rameters leads to a decrease in the reflection index.
Then, in fig. 3 it is seen that at frequencies w <, the
reflection occurs most effectively and at w — w, the
plasma becomes much more transparent.

In fig. 4 is presented a surface plot of the plasma
reflectivity for different values of density as a function
of temperature and frequency. With this figure it is
possible to map the region of high non-ideality. For a
given density the appropriate panel from fig. 4 can be
selected and the value of R found for the chosen pair of
temperature and frequency.

In order to more simplify the presented results
for the further use a fitting procedure is exploited to get
the plasma reflectivity from the temperature and fre-
quency for various values of electron density. For all
analyzed densities the expression is given by

R(x,y)=a+bx+cy+dx2 +ey2 +
+ﬁcy—i—gx3 -I-hy3 -i—ixy2 +jx2y (7)

where x = w/w,, ratio of frequency and plasma fre-
quency (0 <w <w,),y =T, temperature and a-j are cal-
culated parameters. These parameters were computed



V. A. Sre¢kovic, et al.: A Study of High-Frequency Properties of Plasma and the ...

Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 3, pp. 222-228

Ne = 10%'em™

0.8

Ne = 10%cm™

0.2 0.4 06 08 10
a),wp

0.2 0.4 0.6 08 1.0
/e,

Figure 4. Surface plot of the plasma reflectivity for different values of electron density 10*' cm™ < Ne < 10* cm™ as a
function of temperature and frequency

Table 1. Parameters (from a to j) needed for R(x, y) fit given by eq. 7, as a function of electron density wherex=w/w,andy=T

F,/Ne 10*' [em™] 10% [em™ 10% [em™] 10* [em™]
a 0.935052097 0.947234943 0.967203184 0.981546732
b —1.317415548 —1.44143753 —1.253135644 —0.863649267
¢ 7.29876E-07 4.12914E-07 9.29337E-08 ~3.83153E-10
d 2200777151 259112663 2.623576736 22174305
e —1.81598E-12 —9.04495E-13 ~1.02346E-13 2.41917E-14
i 1.97343E-06 1.52641E-06 6.20522E-07 1.38124E-08
g ~1.535152818 ~1.760714503 ~1.851589254 ~1.69034055
h 1.15411E-18 5.43242E-19 3.83954E-20 —1.3866E-20
i ~1.17436E-12 —6.97197E-13 ~1.04538E-13 6.15697E-14
j ~3.59279E-07 —4.84845E-07 ~3.40011E-07 —6.11506E-08

from a standard 3-D fitting procedure, (best-fit value i.
e. r-Square close to one) and their values as the func-
tion of density are shown in tab. 1. We must emphasize
that those expressions give good results for values of
frequencies in the region 0 <w < 0.3 w,, although they
have to be applied with caution beyond this region.

Some HF quantities: The behavior of some HF
quantities for various plasma conditions is illustrated
here although it is not the main topic of our research.
The reason of its representation is that it enables deter-
mination of other transport properties. The electrical
permeability and the coefficients of refractivity of
dense non-ideal plasmas are determined on the basis of
numerically calculated values for the dense plasma dy-
namic conductivity in an external HF electric field.
Here we will present the most extreme cases which we
think are the most interesting for readers (all other data
covering the ranges of 10*' cm < Ne < 10** ¢cm ™ and
10* K < T'< 10° K will be presented in database).

On fig. 5 the real and imaginary part of refraction
coefficient for density Ne = 10** cm™ in temperature
region 2-10%K < T'< 10° K is presented as a function of
frequencies w. From this figure one can see that the be-
haviour of this HF quantity is similar to the investi-
gated ones in upper material.

Further analysing the presented results it could
be observed that for the long-wavelength radiation,
i. e. frequency tends to zero, even for most extreme
cases the imaginary part of the dielectric function di-
verges, i.e.,le(w — 0)‘ is much greater than real part of
the dielectric function (fig. 6).

Astrophysical relevance: As we noted in the
above text the investigations of HF characteristics is
important for research of atmosphere plasmas of astro-
physical objects like white dwarfs with different atmo-
spheric compositions (DA, DC efc.), and some other
stars (M-type red dwarfs, Sun, efc). In order to demon-
strate this astrophysical relevance fig.7 is presented
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here. In fig. 7(a) is illustrated, by surface plot, the con-
ductivity as a function of the logarithm of Rosseland
opacity log 7 for DB white dwarf atmosphere models
with logarithm of surface gravity log g =8 and various

logt

same values of 77and Ne as in
left

Figure 6. HF dielectric
permeability for density
Ne =10" cm™ and

10** cm™ in the
temperature region
210°K<T<10°K

Figure 7(a). Surface plot:
onductivity as a function of
the logarithm of Rosseland
opacity log 7 for DB white
dwarf atmosphere models
with logarithm of surface
gravity log g = 8 and
various effective
temperatures Ty = 1.2-10*
K, ...,3-10°K; (b) example of
HF conductivity for log 7 =2
for DB white dwarf
atmosphere models

Ter =310 K and log g = 8.
For the calculations of
plasma characteristics of DB
white dwarf atmospheres,
the data from Koester
(private communication)
were used

effective temperatures from T = 1.2-10*K to Togr =
= 3.10" K. Figure 7(a) shows that increasing the white
dwarfs effective temperature, at a fixed value of the
logarithm of Rosseland opacity, leads, as a conse-
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quence, to an increase of conductivity. Also, it is illus-
trated here in fig. 7(b) plot of HF conductivity for log
7 =2 for DB white dwarf atmosphere models T.p = 3-
10* K and log g =8 which corresponds to electron den-
sity: ~10" cm ™ and temperature: ~8-10* K. From the
presented fig. 7(a,b), it can be observed a regular be-
haviour of the conductivity considering the character-
istics of DB white dwarf atmospheres.

CONCLUSIONS AND PERSPECTIVES

In this paper we calculated the dynamic charac-
teristics of plasmas of increased non-ideality under the
influence of IR to XUV, electromagnetic radiation.
The presented data covers wide region of electron den-
sities and temperatures. These results, especially fit
formula, can be applied in the experiments of DPF,
high pressure discharge, shock waves efc., where
strongly non-ideal plasmas, including extremely
dense plasmas, are created. The developed method
presents a useful tool for the research of white dwarfs
with different atmospheric compositions (DA, DC
etc.), as well as for some other stars (M-type red
dwarfs, Sun efc.). In the near future we aim to further
improve analysis using GEANT code [26]. Also, our
plan s to present the results obtained during this inves-
tigation in database which can be accessed directly
through http://servo.aob.rs as a web service similarly
to the existing MolD and E-MOL databases
http://servo.aob.rs/mold,  http://servo.aob.rs/emol/
[27, 28].
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Baaguvmup A. CPERKOBWH, Jecanka M. IIYJIW'h,
Jbyounko M. UTIhbATOBUh, Munan C. IUMUTPUIJEBUR

NCIINTUBAIBE BUCOKO®PEKBEHIINJCKUX OCOBHUHA IINIASME N YTHUIIAJ

EJEKTPOMATHETHOI' 3PAYEIbA Y JOMEHY O IR 1O XUV

Ha ocHOBy m3pauyHaTHX BpEIHOCTH NPOBONHOCTH Y CIOJHAIIIEM EJIEKTPUIHOM TOJBY,
oapebene cy BUCOKO(PEKBEHIjCKE KapaKTEPUCTHUKE IJTa3MH Y eKCTPEMHAM YCIIOBEMA (Ha IIPUMeEP, KOJ
ra3ma ¢oxycHux ypebaja). MicnmruBanu orncer ¢peksennyja nokpusa IR, suabusy, UV, XUV cBe o X

n

2:10*K < T<10°K, pecnekusHo. [Toganu fo6ujenn Kopuiithe leM OB METOJIE BaXKHH Cy 32 HCTPaKMBakha
mna3Ma okycHuX ypebaja, 3a mcTpakmBama jlabopaTOpHjcKe Iia3Me, a TaKohe m 3a McTpaskuBama
mjaasMme acTpou3nukux ofjekara, Kao IITO Cy Oelu NaTybId ca pasiIuuuTUM aTMOC(EepCKUM
KOMITO3UIIAjaMa.

Kwyune peuu: inasma pokyc, iaazma, OUHAMULKO CBOJCIIBO, eACKIUPOMAZHEIIHO 3PAYeHe



