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Research of the radiation transport in the ionizing gas streams in the channel of the quasi-steady plasma
accelerator is carried out. The quasi-one-dimensional model of the ionizing gas flow includes the MHD equations
combined with the ionization and recombination kinetics equation within the framework of the modified diffusion
approximation. Solution of the radiation transport equation is based on calculation of the plasma emissivity, the
photon absorption coefficients, the line profile and use of the method of characteristics. Distribution of the radiation
intensity for the Lyman alpha line is obtained, and also the integrated values of the density of the radiation energy
and the radiation energy flux for all parts of the hydrogen spectrum along the accelerator channel are presented.
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INTRODUCTION

The elementary coaxial plasma accelerator [1]
schematically consists of the two coaxial electrodes
connected to an electric circuit. A neutral gas being
introduced between the electrodes is ionized, and
ionization front is formed. Behind the front the ionized
plasma is accelerated along the channel axis due to the
Li.m).
c
accelerators can be used as the first step of the greater
system of the quasi-steady plasma accelerator (QSPA).
In the first step the ionization and preliminary
acceleration of plasma is carried out. In experimental
researches of QSPA (see, for example, [1-5]) the high
degree of azimuthal symmetry of the low-temperature
plasma streams were observed.

The theoretical researches and numerical modeling
play the significant role in studying of QSPA (see, for
example, [6-8]). The ionization front in the accelerator
channel essentially differs from the usual ionizing shock
waves of compression. The temperature and speed
sharply increase at the ionization front. At the same time
the density and a magnetic field sharply decrease. The
narrow ionization front according to the experimental
data has been obtained within the framework of the
numerical model [7] where the system of the MHD-
equations is combined with the ionization and
recombination kinetic equations in the hydrogen plasma
[9].

The given work is devoted to the solution of the
radiation transport problem in the ionizing gas streams.
The all basic mechanisms of radiation and absorption
for the various processes are considered.

1. MHD-MODEL OF IONIZING GAS FLOW

Ampere force Some small plasma

The model is based on the transport equations of the
three-component medium consisting of atoms, ions and
electrons, and also the equation of magnetic field
induction. We neglect the inertia of electrons and the
displacement current. For the quasi-neutral medium
n; =n, we use approach 7, =T; =T, =T and equality

of velocitiesV; =V, =V, =V. Then we have the
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system of the MHD-equations added by the equation of
the ionization and recombination kinetics
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Here p=mny, is the total density of heavy particles,
ngy =ng +n; 1s the total concentration of heavy
particles, o =, /1 or is the degree of ionization, P is
the total pressure, j 1is the plasma current,

e;=cal/m; 1is the ionization energy losses

(r=136ev ), & is the
conductivity, and W is the radiation energy flux.

electron-atom  heat

Coefficients ff and S? " answer for the ionization in

the collision and radiating processes. In turn af and

al h is the recombination coefficients [9].

The conductivity of medium in (1) is equal to
G:ezne/ mgVe. Here v, =vg, +Vv, is the average
frequency of collisions of electrons with other particles
wherev,, =n, (Ve>Sea s Vei =Njop <V6>Se,~. The values
S.q and S,; are the effective cross-sections of the

electron-atom and electron-ion collisions.

The ionizing gas flow is considered in the narrow
axisymmetric channel with the specified cross-section
within the framework of the quasi-one-dimensional
approximation [1,6,7]. We assume that the average
radius of the channel » =R, is a constant value. The

channel cross-section square is f(z)=27 R, A r(z)
where the distance between the electrodes is A r(z) and

value z 1is the coordinate along the channel. It is
possible to neglect the change of the MHD variables
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across a narrow tube or the radial direction. Then the
required functions satisfy to the equations which are
contained only by two independent variables ¢ and z .
The used numerical methods are presented, for example,
in [7]. The channel square are defined as:
f(z2)=03-08z(l-2z), if and
f(z)=08z-0.5,1f 1<z<z,, =3. The channel has

z<1,

the shape of a Laval nozzle of length equal to unity with
a linearly expanding funnel added on the right. At the
inlet z=0 we have 5 - g, =2J,/cRys m=1g>

T =T, a=a, - Atthe accelerator outlet z = z,,, the

boundary conditions correspond to the free outflow.

The calculation case of the ionizing gas flow (see,
also, [7]) is presented in Fig. 1 for the following
parameters: Jp =1004%4, n, = 2.10"7 fim 3, T =500K »

L=2cm, Ry=L/3, a;=1510"7, and

Vo=Hy/Jdxmin, =1.46 -10%cm /s -
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Fig. 1. Distribution of variables in the ionizing gas
stream along the channel

2. THE RADIATION TRANSPORT EQUATION

The rate of the radiative processes is essentially
above the characteristic velocities of the plasmadynamic
processes. In this case the radiation field is instantly
arranged under the varying parameters of a stream.
Therefore we shall consider the solution of the
stationary equation of the radiation transport:

QVI, (r,Q)=n,(r)-«,(r)1,(r,Q). @
Here [, (r, Q) is the radiation intensity with frequency

@ 1in a point with the coordinate r which extends in the

direction of the spatial angle (). The equation (2) is
written down in the assumption of the isotropic
scattering. Knowing the radiation intensity in channel

Iw(r, Q) it is possible to find the density of the

radiation energy flux

w 47

W()=[[1,(r.0)QdQdo.
00
The emissivity nw(r) and the absorption coefficient

Ka)(l') (see, for example, [9-11]) consist of three parts

corresponding to the bound-bound, bound-free and free-
free processes caused by transitions of electron from
one state to another. The total absorption coefficient
corrected for the stimulated radiation is equal to

N -1 rel nigk
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Here all variables have usual sense, in particular, x; is
the relative concentration of & -th state of atom, f/q- is

the oscillator strength for k& — j transition. The

emissivity of medium is calculated similarly. The line
profile ¢k](a)) taking into account the different

broadening mechanisms is defined by the Voigt formula
[11]. The graph of the absorption coefficient over the
radiation energy for hydrogen plasma with accounting
of 10 energy levels in the assumption of their
equilibrium populations is presented in Fig.2 for

T=08eV and n,, =1.4-101% cm 3.
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Fig. 2. Values of the absorption coefficient including the
Lyman alpha and beta lines, the ionization spectrum

(dotted curve) and scattering (dash-dotted line)

For solution of the radiation transport equation the
method of characteristics [10] was used, in particular. In
this case the beams are issued from the any point of the
accelerator channel in the direction set by the uniform
angular grid. In a place of the beam falling on the
plasma-electrode boundary the intensity was necessary
equal to zero. Distribution of the radiation intensity with
the energy 7w =10.2 el corresponding to the center of

Lyman alpha line in the radial direction is presented in
Fig. 3. The peak of distribution located at the ionization
front corresponds to the available experimental data
according to which the front has enough narrow
formation.
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Fig. 3. Distribution of the radiation intensity
of the Lyman alpha line along the accelerator channel
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The total contribution of the various portion of the
spectrum defines the integrated values of density of the
radiation energy flux W. The dependency of the
longitudinal component W, is presented in Fig. 4. Here

the dotted line corresponds to the separate portion of the
Lyman alpha line. We can see that this line brings the
essential contribution to the radiation energy flux and
transfers about half of all radiation energy. Calculations
have shown that the contribution of the recombination
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radiation is less significant behind front but its
penetration into the low-ionized gas before the front is
appreciable.

W, -}077,erg/cm 2
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Fig. 4. Distributions of density of radiation energy flux
for all spectrum and for Lyman alpha line (dotted

curve)
CONCLUSIONS

Thus numerical research of the radiative transport in
the ionizing gas streams is carried out. Radiation of the
ionization front plays a significant role in formation of
the radiation field. The Lyman alpha line brings the
essential contribution to the density of the radiation
energy and the radiation energy flux. The developed
models allow to define parameters of the line emission
outspreading and intensity of its radiation in any point
of the accelerator channel and simultaneously to
calculate the corresponding values of the density,
temperature and the ionization stage of medium. The
given research is directed to the further comparison of
the calculated data with experiment.

The work has been executed at the financial support
of Russian Foundation of Basic Research (grants
Ne 12-02-90427 and N 11-01-12043).
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UHTEHCUBHOCTD U3JIYUYEHUSA AJTb®A-TUHANA JTAUMAHA HA ®POHTE NOHU3 AN
B KBABUCTAIIMOHAPHOM IIVTASMEHHOM YCKOPHUTEJIE

A.H. Ko3noe, U.E. I'apxywa, B.C. Konosanos, B.I'. Hosukoe

[IpoBeneHo UccileIoBaHNE IEPEHOCA U3IYUYCHHUS B IOTOKAX HOHMU3YIOIIETOCs ra3a B KaHaJle KBa3UCTalHOHAPHOTO
MJIa3MEHHOro yckopurens. KBasuonHomepHass MOJAENb TEUYEHUS HMOHM3YIOLIErocs raza ocHoBaHa Ha MI'JI-
YPaBHEHUSIX C YYETOM KHHETHKH MOHM3AIMM M PEeKOMOHMHALMH B paMKax MOAU(PUIMPOBAHHOTO IH(P(Y3HOHHOTO
npuOIKeHus. MonenupoBaHue IepeHoca M3Iy4eHHs] OCHOBAHO HA BBIYMCICHUH H3ITydaTeNbHOW CIIOCOOHOCTH M
ko dunmenra nornomieHus (GoOToHOB, ompeneneHUH NPOGUIST U KCHOIB30BAHUM METOAA XapaKTEPUCTHK.
[NonyyeHo pacnpeneneHie HHTEHCHBHOCTH H3IyYeHHUs IeHTpa anbda-muaun JlaiiMaHa, a TakKe pacrpeieieHus
IJIOTHOCTH SHEPTHU U TIOTHOCTH MOTOKA SHEPTHHU U3TyUYEHHS JUTS BCETO CIIEKTPa BIOJb KaHAIA YCKOPUTEIS.

IHTEHCUBHICTHh BUITPOMIHIOBAHHS AJIb®A-JITHIT JAMMAHA HA ®POHTI IOHI3AIIII
B KBA3ICTAOIOHAPHOMY IIVIASMOBOMY ITPUCKOPIOBAYI

A.M. Kosnos, L.€E. I'apkywa, B.C. Konosanos, B.I. Hogixos

[IpoBemeHO NOCHIMKEHHS TIEPEHECCHHS BHUIPOMIHIOBAHHA B MOTOKAax rasy, LIO 10HI3yeThCsA, B KaHAaMi
KBa3iCTAIliOHAPHOTO IDIa3MOBOTO TPHCKOpIOBaua. KBa3iomgHOBHMipHA MoOAeNbh Tedill ra3y, IO 1OHI3YEThCH,
3acHOBaHa Ha MI'JI-piBHEHHSX 3 ypaxyBaHHAM KiHETHKH 1OHI3amii i peKoMmOiHaIii B paMkax MOIU(IKOBAHOTO
mudysiiHoro HaOmmKeHHA. MOMAETIOBaHHA TIepEeHECEHHS BHIIPOMIHIOBAHHS 3aCHOBaHE Ha OOYMCIICHHI
BUIIPOMIHIOBaJIbHOT 3IaTHOCTI 1 KoedillieHTa nmorimHaHHs (OTOHIB, BU3HAUYEHHI MPO]III0 i BUKOPUCTAHHI METOMY
xapakrepucTuk. OTpPUMaHO PO3MOJiN IHTEHCHBHOCTI BHIIPOMIHIOBaHHS IeHTpa anbga-iiHii Jlalimana, a Takox
PO3MOJUIM TYCTUHHM €HEprii 1 TYCTHHM IMOTOKY €Heprii BUIPOMIHIOBAHHS JJIsi BCHOTO CIIEKTPa Y3/I0BXK KaHATY
IPHUCKOPIOBaya.
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