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The aim of this work is the evaluation of thermodynamic and transport properties of fusion plasmas in an
externally applied strong magnetic field (10...10% T). For these purpose the Thomas-Fermi model for substances
with a given temperature and density was used. The effect of such strong magnetic field on the transport properties
of plasmas and the view of the inner shells of atoms and ions was analyzed. Isotherms of the pressure and the
specific internal energy of the tungsten plasma are obtained. Quantum and exchange corrections to the pressure of

this plasma have been taken into account.
PACS: 52.25.Fi, 52.25.Kn, 52.25.Xz, 52.65.-y

INTRODUCTION

Thermodynamic and transport properties of fusion
plasmas, consisting of the atomic mixture of substances,
in an externally applied strong magnetic field
(10...10° T) are important. Such plasma may be used as
cylindrical [1] and spherical [2, 3] target for magnetized
target fusion or magneto-inertial fusion [4-6]. Note that
the degeneracy of the electron gas in such plasmas is
possible [7].

Transport properties of the plasma are the
coefficients of thermal and electrical conductivity.
Thermodynamic properties are described by thermal and
caloric equations of state: P = P(T, p), E = E(T, p),
S = S(T, p), where P is the pressure of the plasma; E, S
are its internal energy and entropy per unit mass. T and
p are the temperature and the density of the plasma.

The approximate method is wused for the
mathematical description of plasmas thermophysical
properties. This method is based on the generalization
of statistical Thomas-Fermi method to the case of zero
temperature [7] and the external magnetic field [8]. This
method is simple (for example, compared with the
Hartree-Fock-Slater method), while it provides
acceptable accuracy for practice, especially when the
quantum oscillatory and exchange corrections are taken
into account [9].

Currently, various software packages and databases
for determining the thermophysical properties of
substances have been developed: ASTEROID (IPMech
RAS), SESAME (LANL, LLNL Livermore, and
Sandia), TEFIS (KIAM RAS), IV'TANTERMO (JIHT
RAS), TERMOS (KIAM), program complexes «TUR»
(RFNC-VNIITF) and EIP EOS (loffe Institute) and etc.
The Thomas-Fermi (T-F) model with the quantum and
exchange corrections is used in many of these databases
as a theoretical model. However, some of these
databases are for private use only or they are
incomplete. Also in these databases (except the program
complex EIP EQS [10]) T-F model is not extended to
the case of the external magnetic field impact on
thermonuclear plasma.
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1. THE THOMAS-FERMI MODEL.:
DESCRIPTION AND APPLICATIONS

The physical model of matter, which is the basis of
the T-F model, assumes that the difference between
"free™ and "bound" electrons is absent and a substance is
considered to be composed not of ions and electrons,
but of nuclei and electrons. The interaction energy of
the particles in matter is determined by the electrons.
Calculations of fusion plasmas thermodynamic
properties are based on the model of local
thermodynamic equilibrium (LTE). Systems for a large
number of noninteracting nuclei comply with
Boltzmann statistics.

The calculation of electronic parts of the energy and
the pressure is based on the LTE model, according to
which a substance is separated into the system of atomic
cells; each contains Z electrons (e is the electron charge)
and a nucleus of charge Z-e. For simplicity, the shape of
the atomic cell is taken to be spherical.

Electrons in the atomic cell are considered as a gas
in the slowly wvarying radially self-consistent
electrostatic field V(r), generated by the nuclear charge
and the charge of electrons. Thus, the nonideal electron
gas is taken into account. The Fermi-Dirac statistics is
applied to the electron-ion gas.

Assume, that the T-F potential distribution ¢(x) =
x(V(r)+w)/0 is known. Here 0 is the kg'T (kg is the
Boltzmann constant); p is the chemical potential of the
plasma. Then the pressure of electrons P, at the atomic
cell boundary can be calculated as the average
momentum carried by them per unit e per unit area
through the atomic cell with the radius r.

It is necessary to take into account the pressure
created by the nuclei to find the total pressure of the
system of particles in the atomic cell. At high
temperatures the system (gas, consisting of cores) is
typically treated as an ideal gas. Therefore the total

pressure P is defined as (Pe+g), where v is the
A%

volume of the atomic cell.
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For details (e.g. for calculating the specific internal
energy and the entropy of the plasma), refer to the [9,
11].

Quantum and exchange corrections are required to
consider because the T-F model is the approximate
method (for details, refer to the [12]). To find them we
use the method, described here [9].

2. ESTIMATIONS OF THE EXTERNAL
MAGNETIC FIELD INFLUENCE ON
THERMOPHYSICAL AND TRANSPORT
PROPERTIES OF PLASMAS

The degree of the magnetic field influence on plasma
transport coefficients (the electrical conductivity, the
thermal conductivity) depends on the ratio of the
collision frequency of electronsv,to the cyclotron

frequency w, = £B =1,759-10" -B of electrons [13],
me
here, B is the magnetic induction in T, m, is the mass of
the electron.
The magnetic field will have a noticeable effect on
the transport properties of plasmas ifv,/w, <<1. We

obtain the condition of the strong magnetic field
influence on the properties of plasmas:

B>>2-10" % Tzf‘ ,
where Z is the ion charge; 4 is the Coulomb logarithm;
T, is the electron temperature in K; n is the plasma
density in m™.

For the tungsten plasma (Z = 74) with parameters of
our interest 7, ~ 10’ K, n ~ 10 m™ which corresponds
to the plasma density p ~ 10 kg/m® — crown density of
the target in the inertial confinement fusion) we have
the following estimate (1 = 15) B>>7T.

In the magneto-inertial fusion it is experimentally
obtained magnetic field Brs~10° T and it can be
achieved even higher values [14-19]. Therefore it is
required to consider the influence of strong magnetic
fields on the transport properties of plasmas.

The magnetic field affects the orientation of spins of
electrons or atoms in the gas which has a temperature T
defined by the condition

uB>>k. T or B>>1,49.T,

where w is the Bohr magneton.
In our case, the characteristic temperature is

Terar~ 107 K. Then B >>10’ T, that is significantly more

than values reached in the thermonuclear fusion.

The magnetic field B ~ 10° T, in which the energy of
the magnetic moment uB is larger than the characteristic
energy of the atom or molecule (It has the order of the
number Ry = m.e*/27?) significantly affects the structure
of atoms and molecules and strongly modifies their
binding energy and ionization energy. Thus, we assume
that the magnetic field does not affect the orientation of
spins of electrons or atoms in a gas. Considered fields
are also much smaller than the field B ~ 10° T, so we
can neglect the relativistic effects.

98

3. RESULTS

The boundary value problem, which determines the
V(r) potential distribution, is solved by the sweeping
method with iterations [9, 11].

The pressure P(T, p), the specific internal energy
E(T, p) and the entropy S(T, p) of the tungsten plasma
are shown on Fig. 1.
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Isotherms of the pressure P, the specific internal energy
E and the entropy S depending on the density p for the
tungsten plasma at different temperatures

CONCLUSIONS

Evaluations we made showed that the magnetic field
up to 10% T only affects the transport properties of the
plasma, but does not change the view of the inner shells
of atoms and ions.

Isotherms of the pressure and the specific internal
energy of the tungsten plasma at the temperature range
7=10"...(2'10% K and the density  range
p =10...10° kg/m® are obtained. The maximum values
of relative quantum and exchange corrections to the
pressure of these plasmas are ~1% at 10'K and
10° kg/m®.
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NPUMEHEHHUE MOJIEJIA TOMACA-®EPMH JIJISI OIIPEJAEJTEHUSI TEPMOJUHAMAWYECKHAX
CBOWMCTB 3AMATHUYEHHOM ILJIA3MbI

B.B. Ky3enoe, C.B. Poisickos, B.B. Illymaes

OmnpeeneHsbl TEPMOJIMHAMUUYECKHE W TPAHCIIOPTHBIE CBOWCTBA TEPMOSIIEPHO M1a3Mbl, HAXOIAIIEHCSA B CHIILHOM
BHerrHeM MarauTHOM 1ose (10...1000 To). s a0l menn ucnonb3oBantack Moaens Tomaca-DepMu st BEMIECTB C
3alaHHBIM TEMIIEPATypOH W IUIOTHOCTHIO. [IpoaHaTM3MPOBAHO JCHCTBHE CHJIBHOTO MArHUTHOTO TMIOJIs Ha
TPAHCIOPTHBIC CBOMCTBA MJIa3Mbl U BHJ BHYTPEHHHX 000JI0UEK aTOMOB U HOHOB. [10CTPOEHBI H30TEPMBI TABJICHHUS,
yIeJIbHON BHYTPEHHEH DHEPTHU U SHTPOIUH IUIa3Mbl BOJib()pama. YUTEHbI KBAHTOBBIC M OOMEHHBIC MOMPABKU K
JIaBJICHMIO IIa3MEI.

3ACTOCYBAHHA MOJEJII TOMACA-®EPMI JIUISI BUSBHAYEHHS TEPMOJUHAMIYHUX
BJACTUBOCTEM 3AMATHIYEHOI IVIA3MHU

B.B. Ky3enos, C.B. Puyckos, B.B. Illymace

BusHaueHo TepMOAMHAMIYHI 1 TPAHCTIOPTHI BIACTHBOCTI TEPMOSICPHOI TUIA3MH, IO 3HAXOAWTHCS B CHIHHOMY
30BHIMHBOMY MarHiTHOMY moiii (10...1000 Ti). [lna miel metn BHKOpHCTOBYBamacs mojens Tomaca-®epmi s
pPEYOBHMH 13 3aJaHHOI0 TEMIIEPaTypolo 1 MmIiabHICTIO. [IpoaHamizoBaHO Mil0 CHJIIBHOTO MArHiTHOTO TIONS Ha
TPaHCIIOPTHI BJIACTUBOCTI IUIa3MM 1 BHJ BHYTPIIIHIX 000JIOHOK aToMiB i ioHiB. [loOynoBaHi i30T€pMHU THCKY,
NUTOMOI BHYTPIIIHBOI eHeprii i eHTpornii mia3Mu Boibdpamy. BpaxoBaHi kBaHTOBI i 0OMiHHI HONPaBKH 10 THUCKY
TUTa3MH.
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