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The qualitative technique of the analysis of the efficiency of the RF plasma production is presented in which the
solution of boundary problem for Maxwell’s equations is only necessary. The analysis of the character of the plasma
production process with the crankshaft antenna in Uragan-2M stellarator is carried out. The discussion of the

calculations results is presented.
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INTRODUCTION

Plasma production in the ion-cyclotron (IC) range of

frequencies is the major method for plasma generation in
Uragan-2M stellarator that starts to operate next year in
the Kharkov Institute of Physics and Technology.

The features of plasma production in IC range of
frequencies in toroidal magnetic devices are studied, and
the stages of the plasma production process with increase
of the plasma density are identified in Ref. [1].

In the paper [2] the crankshaft antenna is proposed,
and it is has been shown its efficiency in the experiments
on the radio-frequency (RF) plasma production on
Uragan-3M small-size torsatron [3].

In the present work the results of study of plasma
production in Uragan-2M stellarator with the crankshaft
antenna obtained numerically are presented.

DESCRIPTION OF THE MODEL OF
PLASMA PRODUCTION

The model of plasma production includes system of
the balance equations and the boundary problem for the
Maxwell equations. The system of the balance equations
of particles and energy reads:
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where 7, is the plasma density, 7, is the neutral atoms
density, T, is the electron temperature, Prr, is the RF
power density, ¢ y =13.6eV is the ionization threshold for
hydrogen atom, <0 eU> and <0 il > are the excitation and
ionization rates, X is the heat transport coefficient, D is
the diffusion coefficient, ¥} is the vacuum chamber

volume.
To make the system of the equations (1) closed it is
necessary to determine the single external parameter in it,

Ppr, . This parameter can be found from the solution of

the boundary problem for the Maxwell’s equations:
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where E is the electric field, 5(,,) is the dielectric tensor,

Jexw 18 the external RF currents.

The system (1) describes the following physical
processes during the plasma production. The electrons are
heated by the RF field owing to collisional and Landau
wave damping. The characteristic value of temperature is

lower than the ionization threshold 7, < ¢ 5. In such

conditions the ionization is made mainly by the “tail” of
the electron distribution function. At low plasma density

n, << n, the system of the balance equations has a self-
similar solution-

T, = Ter(r) , ne(r,t) = exp(l/t)ner(r) , n, = const
and
Prp = exp(v t)PRF(”) . 3
From the self-similar solution follows that
P
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Such self-similar solution describes the mostly
efficient plasma production. The degree of satisfying of
the criterion (4) is used as an estimate of the plasma
production performance.

The quantity (4) is analysed in the series of the
calculations for the RF heating of plasma with the same
density profile and increasing density values. Such a
procedure allows one to avoid the long and labour-
consuming solving the self-consistent problem (1, 2).

The crankshaft antenna (see Fig. 1) has three strap
elements. The currents in the side straps are equal and co-
phased. The current in the twisted central strap is double
and directed opposite to the currents in the side straps.

i/ il i/

62 I Problems of Atomic Science and Technology. 2006, Ne 6. Series: Plasma Physics (12), p. 62-64



Fig. 1. Crankshaft antenna layout

RESULTS OF CALCULATIONS

The Maxwell’s equations are solved using the 1D
computer code that is based on the uniform finite
elements method [4]. The parameters of calculations for
Uragan-2M stellarator are chosen the following: the major
radius of the torus is R =1.5% 10%cm, the radius of the
plasma column is 7 =20 cm, the radius of the metallic
wall is @ =30 cm, the toroidal magnetic field is B=5%
10°G, the radial coordinate of the antenna strap /, =20 cm,

the electron temperature is 7,=8¢V. In the numerical
experiments certain parameters are varied in the following
range: the frequency of heating @ =3% 107...4% 107s™,
the amplitude of crankshaft twisting of the central

conductor in the toroidal direction ¢,=0...0.04, the
distance between the side straps of the antenna [,
=30...50cm. The quantity S is analyzed in the range of
n,=10%..10%cm>, where

the plasma densities
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Fig. 2. Contours S as a function of plasma density at the
centre of the plasma column N,y and radial coordinate v
for different values of amplitude of crankshaft twisting of
the central conductor, ¥ ,=0 (left figure), ¥ ,=0.02
(central figure), 3 ,=0.04 (right figure)

In Fig. 2 the quantity S is shown for different
crankshaft twisting of the central strap. In the left figure
this parameter equals zero. The power deposition is small
at low plasma densities. The power deposition appears at
n,>3% 102cm™ and reaches its optimum at 7,9~1%
10"cm™. The maximum of the power deposition is at 7
=5cm in this case. At higher values of plasma density
parameter S decreases and its distribution worsens.

With the introduction of the crankshaft twisting the
power deposition increases at low plasma densities. At
higher values of plasma density the power deposition
shifts to the plasma edge and for high densities it is
located in the vicinity of the antenna. At high plasma
densities the power deposition into the centre of the
plasma column remains the same as at 7 ,=0.

The calculations with varying ¢ , have shown that it

is not possible to achieve constancy of the quantity S
with increase of the plasma density. The noticeable

problem appears at the plasma densities 7,9~1* 10"cm?
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at which the RF power does not reach the plasma core for
reasonable values of 7 .

The variation of the distance between the side straps
does not influence on the low density plasma production
(see Fig. 3). With the increase of this distance, the plasma
density at which the power deposition is optimum
decreases.

The variation of the heating frequency (see Fig. 4)
gives the similar result: The optimum plasma density
decreases with frequency.

If the parabolic density profile is changed to the
hollow one, character of plasma production is altered (see
Fig. 5). The radical change of the power deposition
indicates the sensitivity of this method of plasma
production to the radial distribution of plasma density. In
the case of hollow plasma density profile the power

deposition is more central at the plasma densities 7,9

~1% 10"em?. At higher densities then 7, >1 X
10" cm™ it worsens.
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Fig. 3. The same as in Fig.2 for different values of

distance between side straps, |, =30cm (left figure), I,
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Fig. 4. The same as in Fig.2 for different values of
frequency of heating, W =3% 10's (left figure), © =4X
107s™! (right figure)




Fig. 5. The same as in Fig.2 for parabolic density profile
(left figure) and for hollow density profile (right figure)

The results of the numerical experiments may be
explained in the following way. At small values of the
plasma density only the slow wave (SW) can propagate.
The antenna without the crankshaft twisting cannot excite
it, but even a small crankshaft twisting results in the
efficient SW excitation. With increase of the plasma
density the SW is strongly damped propagating to the
centre of the plasma column. At 7,9~1% 10" cm? it is
absorbed nearby the antenna.

The Alfvén resonances come to play at the plasma
densities 7,9~1% 10> ¢cm?. Three-half-turn part of the
antenna excites the Alfvén resonances efficiently. The
overlapping between the direct SW generation and the
Alfvén resonances excitation does not occur. There is the
range of plasma densities 7,9~10"...10"%cm™ where the
power deposition is minimal. In part, this can be
improved by increasing of the frequency value, and also
the power deposition is better for hollow density profile.
If the frequency is higher the maximum plasma density
which can be produced with crankshaft antenna will be
lower.

CONCLUSIONS

Aiming to describe the RF plasma production in the
Uragan-2M stellarator with the crankshaft antenna, the
power deposition to the plasma with varying densities is
analyzed numerically. At high plasma densities 7.
~10"...10"”cm™ and at low plasma densities 7,9~10%...
10"cm™ the power deposition is acceptable for efficient
plasma production. At high plasma densities there is some
power deposition out of plasma column. At intermediate

densities, the RF field does not deliver the energy to the
plasma centre. The situation improves if plasma has a
hollow radial profile.

The calculations show that the reasonable choice for
antenna parameters is the following: amplitude of
crankshaft twisting of the central conductor in toroidal

direction # , =0.04, the distance between the side straps of
the antenna /,=30cm number of the periods of the

crankshaft twisting 7, =4, the frequency of heating ¥ =4
X 10’s". The estimate show that such an antenna is the
able to produce plasma with the density 7,0=2% 10"%cm
with the RF power P =600kW.
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YNCJEHHOE MOJAEJIUPOBAHUE BBICOKOYACTOTHOT'O CO3JJAHUA T1JIA3BMbI
B CTEJVIAPATOPE YPATAH-2M C IOMOIIbIO AHTEHHBI KOJIEHBAJIBHOI'O TUITIA

B.E. Mouceenxo, I0.C. Cmaonux, E.J[. Bonakos, O.M. Illsey

[IpencraBneHa kauecTBEHHAsI METOIMKA aHAIN3a 3PPEKTUBHOCTH CO3JaHMS TUIa3MbI BRICOKOYACTOTHBIMH ITOJISIMH, B
pamMKax KOTOpOil HEOOXOIMMO TOJIBKO JIMIIE pelleHrne ypaBHeHnid MakcBema. [IpoBenen aHanm3 xapakTepa mnpoiecca
CO3IaHMWA IUTa3MBl B yCTaHOBKEe YparaH-2M ¢ IMOMOIIBIO aHTEHHBI THIIA KoJeHBad. [lpuBeaeHo oOcyxaeHue

PE3yJIbTaTOB PAacUETOB.

YUCEJBHE MOJAEJIOBAHHA BUCOKOYACTOTHOI'O CTBOPEHHS IIVIABMHAX Y CTEJIAPATOPI
YPAT'AH-2M 3A JOITIOMOI'OIO AHTEHH KOJIEHBAJIBHOI'O THUITY

B.€. Moiceeuko, 1O.C. Cmaownix, €./1. Boakos, O.M. Illseus

IIpencTaBieHO SKICHY METOAMKY aHaNi3y ¢(eKTHBHOCTI CTBOPECHHS IUIa3MH BHCOKOYACTOTHHUMHU IOJIIMH, B MEXKaX
Kol HeoOXi/IHe JIMIIe pO3B si3aHHA piBHAHb MaxkcBemta. [IpoBeneHo aHai3 XxapakTepy NpoLecy CTBOPEHHS IUIa3MHU B
ycTaHOBII YparaH-2M 3a TOIIOMOTOI0 aHTEHH TUIY KoJieHBasl. [IprBeieHo 00TOBOPEHHS Pe3yNIbTaTiB pO3paxyHKIiB.
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