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Results of calculations of radio-frequency (RF) plasma production in the ion-cyclotron range of frequencies
(ICRF) in the Uragan-2M stellarator using four-strap n-phased antenna are presented. The analysis carried out with
usage of a self-consistent model that simulates plasma production with ICRF antennas.
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INTRODUCTION

Plasma production in ICRF is most efficient if the
frequency is lower than the ion cyclotron frequency.
The features of plasma production in ICRF in toroidal
magnetic devices are studied, and the stages of the
plasma production process with an increase of the
plasma density are identified in Refs. [1,2]. The
problem of RF plasma generation can be reformulated
as the problem of RF heating of a low-density low-
temperature plasma. The plasma density grows from the
value determined by the natural level of ionizing
radiation to the value corresponding to the full
ionization of the neutral gas. Since the range of plasma
densities is fairly wide, it is possible to distinguish three
stages of RF plasma generation that differ in both the
distribution of the electromagnetic field and the
character of the ionization process. In the first (wave-
less) stage (breakdown of the neutral gas), the plasma
density is very low and only slightly affects the
structure of the electromagnetic field. The second stage
is preliminary gas ionization; in this stage, waves can
already propagate in the plasma, but the plasma density is
still lower than the neutral gas density. The third stage is
the stage of neutral gas burnout; in this stage, the plasma
density becomes comparable with the neutral gas density.

In Uragan-2M stellarator plasma is regularly
produced by the frame antenna. However, the frame
antenna cannot generate plasma with high enough
density. Numerical calculations have shown the
effectiveness of the frame antenna for low density
plasma production [3, 4]. Starting from the plasma
density ne~10"2cm™ the power deposition becomes
periphery located and this cannot be avoided by
changing of antenna sizes and other parameters. For this
reason plasma density can be obtained with such an
antenna is not high that is confirmed by first
experiments in Uragan-2M device [4]. The resulting
plasma density is of order ne~2-10" cm™. However,
there is a need to operate with plasma of the density of
at least several times higher. Further increase of plasma
density to ne~10"*cm™ could be provided by RF
heating with another antenna system.

The four-strap antenna is oriented to the Alfvén
heating in the short wavelength regime [5]. Therefore,
the antenna is 7 -phased. Of course, the k; range of this

antenna is not optimal for plasma production and it does
not allow such an antenna to produce plasma. To
operate successfully, the four-strap antenna needs initial
plasma with noticeable density.

In this paper we investigate whether four-strap
antenna is able to increase the plasma density in
Uragan-2M stellarator. In our scenario, the frame
antenna produces plasma with partial ionization with the
density, which it is able to produce. The four-strap
antenna increases plasma density and provide full
neutral gas ionization.

The self-consistent model of the RF plasma
production in stellarators [2] is applied to this problem.

NUMERICAL MODEL

The model of the RF plasma production includes the
system of the balance equations and the boundary
problem for the Maxwell’s equations. It is assumed that
the gas is atomic hydrogen. The stellarator plasma
column is modeled as a straight plasma cylinder with
identical electric fields at its ends (periodicity
condition). The plasma is assumed to be axisymmetric,
radially non-uniform and uniformly distributed along
the plasma column.

The system of the balance equations of particles and
energy reads:
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where n, is the plasma density, n, is the neutral gas
density, ng is the initial neutral gas density, T, is the
electron temperature, Pre. is the RF power density of
electron heating, kg is the Boltzmann constant,
eq=13.6 eV is the ionization energy threshold of a
hydrogen atom, t, is the particle confinement time, the
coefficient 3/4 is the ratio of the excitation energy to the
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ionization energy, Vy is the vacuum chamber volume,
> is the rate of electron-impact excitation of an
atom, «o;v» is the rate of electron-impact ionization of
an atom, «cgV> is the rate of electron-ion energy
exchange via Coulomb collisions, and C,=e®,/T.=3.5 is
the ratio of the electron energy in the ambipolar
potential to the electron thermal energy. Only electrons
with energies higher than the potential energy e®, leave
the plasma. Accordingly, energy losses per electron
increase by a factor of C, in average.

The neoclassical particle flux I, and energy flux g
are
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where Dy is the monoenergetic diffusion coefficient, m,
is the electron mass, V. is the electron velocity, v, is the
collision frequency, and E, is the radial component of
the electric field.

The RF field produces plasma both inside and
outside the confinement region. Charged particle losses
outside the confinement region are caused not only by
diffusion, but also convection, because the plasma
particles escape onto the chamber wall along the
magnetic field lines, as is the case in open traps [6]. The
model takes into account this process in the t-
approximation with t,=ITIL/2vs. Here, II is the mirror
ratio, which was assumed to be unity in our simulations,
L is the length of a magnetic field line, and v is the ion-
acoustic velocity. This formula describes plasma
expansion along the magnetic field with the speed of
sound. Expression is applicable only to plasma located
outside the confinement region. Inside the confinement
region, the characteristic time of convective losses is
infinite.

The problem of particle and energy transfer requires
setting the following regularity conditions at the

cylinder axis
M| _g OMeTe)l g @)
or | o o |
The boundary conditions at the chamber wall,
ne|r=a =0, neTe|r=a1 =0 3)

correspond to a zero plasma density and plasma energy
at the wall.

To make the system of the equations (1) closed, it is
necessary to determine RF power density,
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where m and n are the azimuthal and toroidal mode
numbers, respectively. This quantity can be found from
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the solution of the boundary problem for the Maxwell’s
equations

2
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where E is the temporal Fourier harmonics of the
electric field and je is the density of the external RF
current. The plasma dielectric tensor is a function of the
plasma density and electron temperature,
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All components of the plasma dielectric tensor, except
for g, are taken in the cold plasma approximation. For
the ion and electron temperatures of T~2...20 eV, which
are typical of the initial stage of plasma production, the
particle gyroradius is much smaller than the wavelength
and the finite-Larmor-radius corrections to the tensor
can be ignored. At the same time, the value of kv, can
be comparable with the frequency o (in particular, when
generating plasma in small stellarators), which indicates
that it is necessary to take into account electron Landau
damping and use the expression for the tensor
component g in the hot plasma approximation.

In cylindrical geometry the Fourier series could be
used

E= ZEmn(r)eim(/)eikZe—i(ut' (6)
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The Maxwell’s equations are solved at each time
moment for current plasma density and temperature
distributions.

EXAMPLES OF CALCULATIONS

The following parameters of calculations for the
Uragan-2M stellarator are chosen: the major radius of
the torus is R=1.7-10*cm; the radius of the plasma
column is ry=22 cm; the radius of the metallic wall is
a=34 cm; the toroidal magnetic field is B=5kG. The
radial coordinate of the front surface of four-strap
antenna (Fig. 1) is r;,=28 cm; the distance between
antenna strap elements in z-direction is 1,=20 cm.
Antenna is simulated by external RF currents je, which
obey to the condition V-j=0. The explicit expressions
for the Fourier harmonics of the antenna currents are
substituted to the Maxwell’s equations.

For this antenna the leading value of parallel wave-
number is k=0.16 cm™. The most efficient Landau
damping occurs when kv~ this corresponds to the
electron temperature of 35 eV. The lower k; modes of
antenna spectrum need higher electron temperature to
be damped efficiently.

Simulation results are presented in Figs.2-7. The
parameters of numerical calculations were as follows:
the initial electron temperature was T.=2 eV; the ion
temperature was taken to be independent of the radius
and time, T;=3eV; the frequency of heating was
®»=410"s™.
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Fig. 1. Four-strap antenna layout

The first numerical experiments have shown that the
four-strap antenna cannot create plasma if initial plasma
density is lower than ne=5-10"" cm?, where ne=ng|-o
[7]. In current numerical experiments initial plasma
density was ne~10%? cm™; the antenna current for the
matched load was 1,=800 A. The initial density of
neutral atoms was in the range n,=1-10"...4-10* cm=.

Figures 2-4 display the time evolution of average
plasma density, average electron temperature and
average density of neutral atoms. Figures 5-7 display
the profiles of plasma density, electron temperature and
deposited power at the time moment t=1.5 ms.

Just after the start, the plasma density begins to
increase (see Fig.2). The first two stages of plasma
production (the wave-less and preionization stages) pass
very rapidly.

1.2E+013 -

8.0E+012 —

E

o

e

s

Vv

4.0E+012

0.0E+000 +———— 17— 17— 17—
0 0.0004 00008 00012  0.0016

ts

Fig. 2. Time evolution of the average plasma density for
different values of the initial density of the neutral
atoms ny=1-10" cm™ (unmarked curve), n,=2-10* cm?
(circles), ng=4-10" cm™ (triangles)

At the initial stage of the plasma production the
average electron temperature is low. This is due to low
coupling of antenna to plasma. Further, the antenna
loading improves and plasma production is accelerated.
The electron temperature increases (see Figs. 2, 3).

At the end of the ionization process the density of the
neutral gas decreases to a value determined by particle
recycling (see Fig. 4).

The generated plasma density profile has a maximum
in the center of the plasma column (see Fig.5). The
electron temperature and the power deposition are low
at the center of the plasma column (see Figs. 6, 7).

The calculations have shown that optimal value of
the initial neutral gas density is atoms n=2-10* cm’.
The power deposition occurs within the plasma volume
in this case (see Fig. 7). As in the case of the frame-type
antenna [2], by using the four-strap antenna, the peripheral

32

100 4

80
> 604
[}
A,
'_
V404

20

0 T
0 0.0004 0.0008 0.0012 0.0016
t,s

Fig. 3.Time evolution of the average electron
temperature for different values of the initial density of
the neutral atoms ny=1-10"* cm™ (unmarked curve),
no=2-10" cm™ (circles), ng=4-10" cm™ (triangles)
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Fig. 4. Time evolution of the average density of neutral
atoms for different values of the initial density of the
neutral atoms n,=1-10"? cm™® (unmarked curve),
ne=2-10" cm™ (circles), ny=4-10"2 cm (triangles)
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Fig. 5. Plasma density profile at t=1.5 ms for different
values of the initial density of the neutral atoms
no=1-10" cm™ (unmarked curve), ng=2-10" cm?
(circles), ng=4-10" cm™ (triangles)
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Fig. 6. Electron temperature profile at t=1.5 ms for
different values of the initial density of the neutral
atoms ny=1-10" cm™ (unmarked curve), n,=2-10** cm?
(circles), no=4-10" cm™ (triangles)
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Fig. 7. Power deposition profile at t=1.5 ms for
different values of the initial density of the neutral
atoms no=1-10" cm® (unmarked curve), ng=2-10" cm™
(circles), ng=4-10" cm™® (triangles)

plasma is also heated to high temperatures (see Fig. 6).
It can be explained by the Landau damping of the slow
wave at the plasma periphery. Unlike the frame-type

antenna slow wave is excited by the conversion of the
fast wave field in the Alfvén resonance layer. When the
neutral gas density increases, the resulting plasma
density is somewhat higher (see Fig.5), the power
deposition profile is shifted toward the antenna (see
Fig. 7), whereby the electron temperature within the
plasma column decreases (see Fig.6).

DISCUSSION

The numerical calculations for Uragan-2M
stellarator indicated that using the four-strap antenna
plasma density can be increased by an order of
magnitude during the pulse. For chosen discharge
parameters, the optimal value of the initial neutral gas
density is ng=2-10" cm™.
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CAMOCOI'TACOBAHHOE MOJAEJIUPOBAHUE BO3PACTAHUS IIVIOTHOCTH IIJIA3MBbI
C BBICOKOYACTOTHBIM HAT'PEBOM

10.C. Kynuk, B.E. Mouceenxo, T. Bomepc, A.H. Jlvicoiiean

[pencraBneHsl pe3ynbTaThl pacyeTtoB 1mo BY-cozmaHuio miasmbl B HOHHO-uMKIOTpoHHOM (ML) nuamasone
4acTOT B creiuiapatope YparaH-2M ¢ HCIIONb30BAaHMEM YETBHIPEXITOMYBUTKOBOH m-(ha3MpoOBaHHON aHTEHHBI.
Teopernuecknii aHaMM3 MPOBOJAMICA C TOMOINBIO CAMOCOITIACOBAHHOM MOJIENHN, KOTOpas MOJEIHMPYET CO3JIaHHe

IJ1a3Mbl C UCIT0JIb30BaHUEM I/H_['aHTGHH.

CAMOY3I'OJ)KEHE MOJAEJIOBAHHSA 3POCTAHHA I'YCTUHMU IIVIASMHU
BUCOKOYACTOTHUM HATI'PIBOM

10.C. Kynux, B.€. Moiceenko, T. Bomepc, A.I Jlucoiiean

IIpencraBneHo pe3ynbTaTd po3paxyHkiB 3 BU-cTBopeHHS TuiasMu B ioHHO-TuKIoTpoHHOMY (III) miamasoni
4acTOT y cTenaparopi YparaH-2M 3 BUKOPHUCTaHHSIM YOTHPHOXHAMBBUTKOBOI 7-(ha30BaHOT aHTeHU. TeopeTHIHU
aHaJi3 MPOBOJAMBCSA 3a JOMOMOTOK CaMOY3TOJDKEHOI MO, IO MOJICITIOE CTBOPCHHS IUIA3MH 3 BHKOPHCTAHHIM

I1-anTeH.
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