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TRANSPORT PROPERTIES
OF INERTIAL CONFINEMENT FUSION PLASMAS

Abstract. In this paper the transport properties of non-isothermal dense deuterium-tritium plasmas were
studied. Based on the effective interaction of potentials between particles, the Coulomb logarithm for a two-
temperature nonisothermal dense plasma was obtained. These potentials take into consideration long-range multi-
particle screening effects and short-range quantum-mechanical effects in two-temperature plasmas. Transport
processes in such plasmas were studied using the Coulomb logarithm. The obtained results were compared with the
theoretical works of other authors and with the results of molecular dynamics simulations.

Keywords: dense plasma, Coulomb logarithm, inertial confinement fusion, transport properties.

Introduction. Nowadays, much attention is paid to the high density energy of the substance and
matters at high pressures and temperatures. Research in the field of fusion power with inertial
confinement (ITS) in the heavy ion beams have a special significance among the works devoted to various
aspects of this problem. Basically, these heavy ion accelerators are well known as the main tool in
experimental studies of nuclear physics, elementary particle physics and dense plasma physics [1-3].
However, at present time, the lack of new theoretical and experimental data on the transport properties of
deuterium-tritium (DT) plasma produced under compression of target with heavy ions beam, requires an
adequate qualitative description of the interaction of heavy ions with a dense plasma in a wide range of
parameters and provides an additional impetus to the research in this area. Understanding and control of
high-pressure behavior of DT fuel are crucial for the success of the experiments with the ignition.
Accurate knowledge of transfer coefficients in dense DT plasma is essential for the correct description of
the processes occurring in the inertial confinement. This issue has been the subject of many theoretical
and experimental studies [4-7]. In some researches [8], the transport properties of dense plasmas, such as
diffusion and viscosity were studied on the basis of molecular dynamics simulation (MD) using density
functional theory to describe the electron component of the plasma (DFTMD). Kress and others [9]
obtained values of viscosity and diffusion of DT plasma, using a density functional theory at finite
temperatures on the basis of Kohn-Sham theorem on molecular dynamics and DFTMD.

One of the most promising approaches for the study of transport properties of dense DT plasma is a
binary collision approximation, and we can use two approaches. One of them is to calculate the transport
coefficients determined on the basis of the particles scattering which interact via potential. The second
approach is producing kinetic equation, which collision integral has logarithmically divergent integral on
impact parameters, which can be replaced by the Coulomb logarithm.

In this paper, previously proposed model [17, 18, 19] for description of the dense plasma properties
on the basis of effective interaction potentials [20, 21] is extended for calculation of the ion transport
properties and thermal conductivity for deuterium and deuterium-tritium plasma of inertial confinement.
Below we demonstrate a brief description of the model and the results of calculation of plasma transport

— 34 ——
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properties. In order to show the correctness of the model, its results are compared with the results of
quantum molecular dynamics of KMD and TFTMD modelling.

Coulomb logarithm on the basis of the effective potential. Transport properties are obtained from
on the basis of the Coulomb logarithm using the effective potential for inertial confinement plasma.
Coulomb logarithm is determined by the scattering angle in the center-of-mass system with the pair

Coulomb collisions [15-17]:
A, :LZ s sin{ef)bdb, (1)
b2 2

The scattering angle in the center-of-mass system 6, is defined as [15]:

)
wdr( @) b
0. =x—2b[ | 1-—22 2| @)
"y E r
where EC = —mmﬁU2 - is energy of center-of-mass system, m,=m,m; / (ma +m, ) - resulted mass

of the particles of & and /8 (ion or electron); b = Z aZ s / (maﬂl)z) . As a minimum impact parameter

there was bmin = max{bl, Kaﬂ }, where Kaﬁ = h/« /27rma/,kBT - thermal wavelength de Broglie.

The following dimensionless variables, such as the connection parameter are used:
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a
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where € - electron charge, a = (3/ 47Zne )/ - the average interparticle distance between the particles,
k 3 - Boltzmann constant. In the formula (2) () op (I’) - the potential of interaction between the particles

and the distance of closest approach ¥, for a given impact parameter b is determined from the equation:

@ 2
1__02(4)_1;_2:0. )
c 0

As it is well known, calculation of collective screening effects in the interaction of plasma particles is
essential for the correct description of the static and dynamic properties of the plasma. In this paper the
dense plasma is considered, which is also important for the quantum effects at small interparticle
distances. In addition, we will use electron-ion effective potential, which takes into account both the
quantum effects at small distances, and the effect of the screening - at large distances [18-19]:

o, m=ts | P fonte )=V oot
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kR, — kR,
TR R, -1

2 2 2 2 . .
where 2k IS / (7(, 4 )< 1,k h = ke + kl. - screening parameter that takes into account the electrons
. 2 2 2 . . .
and ions, ¥~ = kl. +1 / .y .. - For non-isothermal plasma we use electron-ion characteristic temperature

Te . [22-23]. In the research [22] it is shown, that for the correct description of the properties of the

plasma electron-ion temperature should be expressed in the form of: 7 o = AT eTl. . These effective

potentials can be used for non-isothermal and isothermal plasma.

T T T T T T T T T T T T

=
=
o

Coulomb Logarithm
=

Coulomb logarithm

10

a) b)
Figure 1 — Coulomb logarithm of the two-temperature DT plasma depending (a) on of the coupling parameters (F)
and (b) on the parameter of degeneration (@) .

In the study of the transport properties of dense high-temperature plasma, the values of the Coulomb
logarithm are very vital. This paper presents the study of the transport properties of dense plasma on the
basis of Coulomb logarithm using the effective potential [5].

Figure 1 shows the calculated values of the Coulomb logarithm, depending on the coupling parameter

I’ and the degeneracy parameter ® = k BT / E F (E »Fermi energy) at different ratios of the electron

and ion temperatures in the dense DT two-temperature plasma. We considered the loosely coupled
plasma, in Fig. 1 a) the values of the Coulomb logarithm for I" <1 and I', <1 were shown. The value

of the Coulomb logarithm decreases with increasing of T’ . /T ;Tatio. At a given electrons temperature T .

, the lower values of the Coulomb logarithm at higher values 1~ . / T ; are the result of strong screening of

the ionic component of the plasma. Fig. 1 b) shows that the increase in the degeneracy parameter leads to
increase of the value of the Coulomb logarithm. At constant density we have the lowest values of the
screening length for higher temperatures. This leads to higher values of the Coulomb logarithm.

Transport properties of inertial confinement dense plasma. The phenomenon of transfer in a
dense plasma is of considerable interest in the various areas of science and technology (plasma physics,
inertial confinement, physics of hot dense matter, etc.) [24-25]. In particular, intense studies of fusion
power require more reliable information on the transfer of coefficients, i.e, thermal conductivity
coefficient, diffusion and viscosity. We will consider the dense DT plasma particles interacting through
the effective potential (5).

The coefficient of diffusion, viscosity, and thermal conductivity of the plasma are connected with the
effective collision rate using equations:
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k. T
D= B—: (6)
my,,
Vs
,7:5\/%(/%{) ’ 7)
4\ e'A
5nk,T
K=——, 3
my,,

where € - electron charge, 71, - electron mass, /1 - plasma particle density, and
4 3/2
v, =4/3)2xe' 2/ m, (k,T) ©)

effective collision frequency is directly proportional to the logarithm of the Coulmb. The diffusion
coefficients of [) and viscosity 1 are given in the following form: D’ =D/ a)pa2 and

n = 77/111.Ma)pa2 K = K/(mea)p /a), where @, = (47z'nl. /M)%Ze - the plasma frequency for
the mass of M ions. In this paper, we use M = (2 + 3)/ 2 = 2.5 amu [26] for considering DT.

50 E—
40
1404
30}
N
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o a
20 F 70 4
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0 0+
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Figure 2 — The diffusion coefficient, depending on the coupling parameter (F) , T e = T ; + () for different density parameter

values ( rs) , (b) for different ratios of the electron and ion temperatures at ¥, = 1.
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Figure 3 — The coefficients (a) of thermal conductivity and (b) viscosity depending on the coupling parameter (I') for different
values of the parameter of density
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(r,)), T, =T..

Figures 2 a), 2 b) and 3 a), 3 b) show the results of diffusion, thermal conductivity and viscosity
coefficient of dense plasma depending on the coupling parameter at 7, =0.5,7, =1 and r, =1.5.In order

to have a more detailed physical description of processes, obtained by numerical methods, the results will
be calculated on the basis of the effective interaction potential (5), which takes into account both the
quantum and the collective effects. Figures 2 a) and 3 a), 3 b) shows that at lower values of coupling
parameter, the coefficients of viscosity and diffusion have higher values. For higher density, the transfer
coefficients have lower values.

The coefficients of diffusion, thermal conductivity and viscosity at different temperatures and
densities on the basis of the Coulomb logarithm using an effective potential (5) are obtained. Figures 4 a)
and 4 b) show the coefficients of diffusion and viscosity of the dense plasma DT calculated on the basis of
the Coulomb logarithm depending on the coupling parameter (I')) at the plasma density,

p=6.135g/cm’, p=1345g/cm’, p=263g/cm’, p=108g/cm’,

respectively. It is evident that coefficients of diffusion and viscosity increase with increasing temperature.

2,0 T T T T T T T T T 200 T T T T T T T T
o] T®TPe6135 glem® ——p=108 g/cm’
’ —e—p=13.45 glcm’ ) 150 L p=26.3 glcm’
p=26.3 g/cm’ —o—p=13.45 glcm’
:_0? 1,2F —e—p=108 glem® . - ——p=6.135 g/lcm’
N w
5 & 100 i
5 08 J £
a &
=
0,4 ] 50 .
0‘0 i L L 1 A 0
0 200 400 600 800 1000 0 200 200 o s 7000
T (eV) T (eV)
a) b)

Figure 4 — Transport coefficients of dense DT plasma depending on the temperature
for different densities: (a) diffusion, (b) the viscosity

Figures 5 a) and 5 b) show the results of thermal conductivity of deuterium plasma from temperature
for different values of the density p =43.105 g/cm3 and p =199.561 g/cm3. Solid red line

is the thermal conductivity, obtained on the basis of the effective interaction potential (5), the black
triangles are KMD modeling results [27]. Blue dot-dashed line is the total Coulomb logarithm
A =InA. In the paper [27], it was estimated KMD modeling of thermal conductivity of deuterium
plasma in a wide range of densities and temperatures.. S.X. Hu and others [27] used the following
function to describe the results of calculations of KMD modeling of deuterium thermal conductivity on
inertial confinement explosions:

_202/7)k]* T 0.095(Z,, +0.24) 1

K ouip ; (10)
1/meZe[fe 1+ 0.24Z€ﬁ

InA,, '

—— 38 ——
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Figure 5 — Thermal conductivity of deuterium plasma for effective interaction potential (5) and KMD modeling depending on the

temperature at p = 43.105 g/cm’ and p =199.561 g /cm’.

Figures 5 a) and 5 b) clearly show, that the more temperature increases the more thermal conductivity
increases. We should note that at high values of density, the result obtained on the basis of the effective
potential at low temperatures approaches to the result of quantum molecular dynamics method.

10 3

= =HNC ]
— - - Screened Coulomb 1
10° A=InA . 10°F

Effective potential
o MD

2 ® 2]
5 10 = 10 E — =-Baalrud-Daligault
Landau-Spitzer
Tanaka-Ichimaru
1 1| =+ =-Wallenborn-Baus
10 10 E === i=lnA
f ——Effective potential
O MD
0 N MR | s P N
10° et et 10 - B
10° 10" 10° 10° 107 10’
r
r 6)

a)
Figure 6 — Diffusion (a) and the viscosity (b) of dense plasma depending

on coupling parameter ("), T . = T i

Figures 6 a) and 6 b) show the dependence of the diffusion coefficient and the viscosity of the
coupling parameter in comparison with the results obtained on the basis of the hyperchained
approximation (HCA) [28], the method of molecular dynamics (MD) [28-30], in the framework of the
kinetic theory [ 33-34], as well as the Spitzer-Landau theory [31]. Daligalta-Balruda theory is based on
approximation of pair scattering taking into account the correlation effects on the basis of the use of
effective interaction potential [28-30, 32]. The effective potential of Daligalta-Balruda is connected with
the mean-field potential, which is included in the pair interaction potential. Wallenborn-Baus used the
renormalized kinetic theory and the generalized kinetic theory of correlation functions in phase space
[34]. Figures 6 a) and 6 b) show that the results obtained on the basis of the effective potential (5) are well
correspond with the results of other studies in the weakly bound limit Fee <1, but vary at r,>1. The

difference in weakly connected case I' ~1 is caused by non-ideal and quantum effects.
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We calculated the diffusion and viscosity of DT plasma for density p=5g / cm’® and temperature in

the range of 2 - 1058 using the Coulomb logarithm on the basis of the effective potential, taking into

account the quantum diffraction effect at short distances and the effect of screening at large distances.
Figures 7 a) and 7 b) show the comparison of calculation data on diffusion and viscosity in the DT plasma
with the theoretical results of other authors [9], calculated on the basis of the density functional theory at
finite temperatures using Kohn-Sham theorem in combination with molecular dynamics and functional
theory density without the exchange term to describe the electron component of the plasma (DFTMD).
The results are well correspond with the results of KMD and DFTMD modeling at higher temperatures,

and therefore, we conclude that our method can be used in this way. At below 358 temperatures,

comparison with KMD and DFTMD results shows deterioration of correspondence, since at these
temperatures, the ideality effect becomes important. Compared with the results of KMD, obtained
viscosity data are not as good as for the diffusion, where the temperature dependence differs significantly,
while the results obtained for the viscosity on the basis of the effective potential corresponds to the
DFTMD modeling results.

0‘04 L] L] L] L] L 12 T T T T T T T T T T
=== OFMD
10 } ——QMD
. | — - OCP (Bastea)
| = = OCP (Daligault)
= = = Kinetic theory
I Effective potential)

—e—QMD

0,03 f ==—OFMD

- OCP (Daligault)
Effective potential ;

@ ooz} . | /
E 3 o
S - E
5 < 4t .
o 001} " £ i
p=5.0 c_:;.-‘cm3 1 2 . = - -
0,00 F E i e p=5.0 glem’
ok .
i L i [ i L i L i L L % 1 F 1 H [ M 3 M 1 M
0 2 4 6 8 10 12 0 2 4 6 8 10 12
T (eV) T (eV)
a) b)

Figure 7 — Diffusion (a) and viscosity (b) of dense DT plasma depending
depending on the temperature at p = 5 .0 g /em’.

Conclusion. The study of transport properties in dense DT plasma on the basis of two-temperature
effective interaction potential, which takes into account the quantum effects of diffraction at small
distances and screening at large distances has been conducted. The results obtained using Coulomb
logarithm and transfer coefficients for various plasma parameters are correspond with the theoretical and
experimental results of other authors, and with the results of MD modeling. According to the results it is
clear that the transport properties of dense plasma can be adequately expressed in terms of the Coulomb
logarithm based on the effective potentials. Thus, the knowledge of coefficient values of transfer of
heavy, charged particles in the plasma will allow obtaining more accurate calculation of the construction
of a thermonuclear target.
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