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A qualitative evaluation is made of what changes of the electric potential near the frame-type antenna occur
under the influence of following effects: the ponderomotive Miller force, which acts on plasma electrons near the
source of radiation; the rectification of the probe oscillating potential of the RF waves, which are excited by the
frame-type antenna; and the rectified potential of the antenna, which arises, when RF power is on.

PACS: 52.55.Hc, 52.25.0s, 52.35.Hr

INTRODUCTION

In the I = 3, m = 9 Uragan-3M (U-3M) torsatron
with an open helical divertor, a hydrogen plasma is
produced and heated by RF fields with using an
unshielded frame-type (FT) antenna.

It is known that far away from the antenna, the
potential, which is induced in the peripheral plasma by
the RF antenna, is small. This potential does not affect
noticeably plasma parameters. However, near the
antenna essential variations of the potential and the
temperature and density of electrons were revealed.

Specifics of probe measurements in the magnetic
field have been investigated earlier in many works, e.g.,
[1, 2]. The analysis of RF-field and -current rectification
effects on the nonlinear conductivity of spatial charge
layers in low-pressure RF-discharges is described in [3, 4].

The microscopic theory of average forces acting on
a plasma in strong fields of electromagnetic radiation
was presented in [5]. This theory was based on the
motion equations of plasma electrons.

This report deals with a qualitative evaluation of the
ponderomotive potential effect on the readings of a
Langmuir probe in the case, when it is located near to
the FT antenna. This potential is created by the antenna
electromagnetic radiation.

EXPERIMENTAL CONDITIONS

U-3M is a ‘classical’ 1/m=3/9 torsatron with the
natural separatrix forming a helical divertor. The major
and average plasma radii are R,=100 cm and
a~12 cm; the toroidal magnetic field B, ~0.7T is
produced by the helical coils only, the rotational
transform on the plasma boundary is i(a)/2z ~0.3.

The whole magnetic system is placed inside a large, 5m-
diameter vacuum tank, its volume being ~ 200 times as
large as the confinement volume. With a continuous

hydrogen inlet at a pressure of p=~10°Torr, a
currentless plasma is produced and heated by RF-fields
in the Alfvén range of frequencies, @<, (w
and @, are the generator and ion-cyclotron frequencies),

by using two types of unshielded antennas twisted along
the helical windings: the FT antenna and the three-half-
turn (THT) antenna (Fig. 1).

The FT antenna (Fig. 2) is located on the outside of
the plasma column. The antenna lead-ins are in the
symmetrical poloidal cross-section of the torus D1
between the helical windings | u I11 (see Fig. 1).

Fig. 1. Helical windings I, I1, 111 of the U-3M magnetic
field. Noted are symmetrical poloidal sections A1, D1,
A2, D2, ..., A9, D9 in helical field periods 7, 2, ..., 9,

respectively, and locations of movable Langmuir probes
P-1u P-2, as well as locations of the frame-type (FTA)
and three-half-turn (THTA) antennas along the torus
(dashed lines). The antenna lead-ins are on the outer

side of the torus between windings | « 111 in sections D1

(FTA) u D4 (THTA)

Fig. 2. Frame-type antenna and its location with respect
to the helical windings

A pair of antenna conductors, oriented along the
magnetic field, excites the slow wave. The maximum of
generation is observed near | =11, where | is the
toroidal wave harmonic. Three conductors oriented in
the poloidal direction excite predominantly the fast
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wave. In this case, the maxima of generation correspond
to 1=8,...11, 26[6].

Fig. 3 shows the probe I(V) characteristics for the
cases, where the electric probe is located (a) far from
the antenna (probe P-1) and (b) at a distance of 3 cm
from it (probe P-2, see Fig. 1). The difference between
floating potentials is dp,; ~—150 V.
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Fig. 3. Examples of electrical probe current-voltage
characteristics measured in regimes (a) away from the
antenna (probe P-2) and (b) near the antenna (probe P-1)

Further, we evaluate three effects that could affect
the floating potential of the probe in the plasma outside
of the confinement region. For these evaluations we use
next parameter points: n, =10"cm?® T, =50eV,
T =10eV, ® =5.5-10"s™.

OSCILLATING POTENTIAL OF THE RF
WAVES

Let us evaluate the probe rectification of the
oscillating potential of RF waves, which are excited by
the FT antenna.

Using the dispersion equation

(N28; =N;N; —¢)E; =0, €))

we find a relation between the electromagnetic field
components

E_§_E @
Ay A, A,
where
A, =(N? =g )N,N, +ig,(NZ+N2), (3)
Ay =N2NZ =g (NZ+ND—g(NZ+N2),  (4)
A, =((N*—g)N, +ig,N)N,, (5)

&; is the plasma dielectric tensor, ¢, &, and &, are this
tensor components, N is the wave refractive index,
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N,,. are this refractive index components, &; is a
Kronecker symbol.
From the Maxwell equations, using conditions
= 10+ .~ 10 ¢&NN;
E=-Vp--—A,dvA=-=——"—1Lop (6
T A cat N2 7 ©
where E,p,A are electric field, scalar and vector

potentials of the electromagnetic wave, we find the
expression for oscillating potential amplitude of the
wave

cN? iNE
- 4 2 2y
o N"—(gNi+&N))

p= (7)

where N, =k, c/@ are the wave refractive indexes,

which are perpendicular and parallel with respect to the
external magnetic field.

At first, we evaluate the oscillating potential
amplitude of the slow wave, which is excited mainly by
the FT antenna conductors which are parallel with
respect to the external magnetic field. The dispersion
equation of the slow wave can be written as

D = k% +22k2, ®)
&
or
m o’ -}
D =kf +——52k’. 9)
m [

e
As is well known, the wave energy propagates
along the group velocity direction

vgza?__aD/ak . (10)
ok oD/ 0w
Then we find
o om0t o m, o Jog ~o" (11)
Vy =—4———, = | =—-—\
ol of K o m; @3 Ky
Thus, |Vgi/Vg|| =.,/m,/m <<1and the wave propagates

in general along the magnetic force line, weakly
displacing from the magnetic surfaces, which are
crossed by the longitudinal conductor, that excites the
wave. As shown in [7], the slow wave decays along the
force line on distances of the order of antenna length
and so does not achieve the probe P-1.

Now we evaluate the oscillating potential amplitude
of the fast wave, which is excited by the transversal FT
antenna conductors with respect to the external
magnetic field.

Thus, using expressions (2), (11) and dispersion
equation

N?e =((&,—N/)? —&3) (&, —N), (12)
from (7) we find the expression for oscillating potential
amplitude in the case N, =0:

.CesN* N, |
Ml
we; N,
The rectified potential of the fast wave is small on
the distance Ax=3cm from the antenna [4]
p ~@l2<10°V for 1 =5..20.

"y
Ee ™. (13)
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Thus, rectified by the probe oscillating potential of
the RF fields, which are excited by the FT antenna, do
not essentially affect the probe indications.

RECTIFIED POTENTIAL OF THE
ANTENNA

Now we evaluate the rectified FT antenna potential,
which arises, when RF power is on [3, 4]. The measured
direct potential is shown in the Fig. 4.
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Fig. 4. The measured dependences of direct
potential (red, V), ac voltage (blue, V) and current
(green, A) amplitudes on the frame-type antenna from
time (ms)
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Fig. 5. The potential distribution near the antenna (a),

when RF power is off (1) and when the rectified frame-

type antenna potential is equal to 1xV (2) and the same
dependences on a smaller scale (b)

r,cm

As can be seen from Fig. 4, when the RF voltage
< 2V is applied to the antenna, it is charged up to
< 1 kV of the d.c. potential.

To evaluate the effect of the rectified potential of
the FT antenna on the probe indications, we use the gas-
dynamic motion equation and continuity equation for
ions in conjunction with Poisson equation in the absence
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of external magnetic field taking into account ionization
and charge exchange processes.

21 il 1
V_i:_e_‘p_vivi_in_i, (14)

2 m, m; n;
(nv))=on,, (15)
@"=4me(ne®’™ —n), (16)

where v,n, T,m,v are the ion or electron hydrodynamic
velocity, density, temperature, mass, and effective
collision frequency according to the inferior index, e is
the elementary charge, ¢ is the self-consistent field

potential, « is the ionization frequency, the derivative
with respect to x is primed °.

The system of equations (14-16)
numerically.

The potential distribution near the antenna in
different scales is shown in Fig. 5 for the cases, where
RF power is off and when the rectified FT antenna
potential is equal to 1xV. In these calculations the
antenna is modeled as an infinite cylindrical conductor
with a radius of 1 cm.

As may be seen from Fig. 5, the antenna potential is
screened by plasma. When it increases from 200 V up to
1 xV, the plasma potential is changed by ~ 1V at the
distance Ax ~3cm from the antenna.

So, the FA antenna rectified potential does not
affect the probe measurements.

is solved

MILLER FORCE

The Miller force acts on plasma particles near the
source of electromagnetic radiation as [8]

2

q

- — 12
F=- V‘Eo‘ ,

(17

2

where E, is the RF electric field amplitude near the

radiation source, g and m are the charge and mass of the
particle. The action of this force on the ions can be

neglected (m, >>m,).

The Miller's strength is always directed against the
gradient of the electromagnetic wave amplitude, and
acting on the electrons, "squeezes" them from the region
near the radiation source.

Expression (17) can be rewritten as:

F=-Vog,, (18)

where ¢)p=(q2/(4ma)2))‘|§0‘2 is the ponderomotive

potential.

To find the ponderomotive potential at a distance r
from the antenna, we assume that the wave field
amplitude oscillates in the toroidal direction and

depends on r as E,~¢e'!"**"  As the peripheral plasma
density is low (n, 1011 cm3), then N? =N?+N/ ~1.
Taking into account N/ >>1, we find

N2 z—NHZ, (19)
where N, =k, ,c/w are the wave refractive indices in

parallel and perpendicular directions with respect to the
external magnetic field, k,=1/R,. The wave vector
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component k, ~il/R, determines damping of the wave
amplitude and the ponderomotive potential towards
inhomogeneity:

e |z 2 ok,

- - — =2lky|r

%= o [Eo(r=0) e (20)

The Miller force changes the electrical potential near
the FT antenna by the value

Py e |z 2 ok,

=——= E,(r=0) e ™" .

% e 4mea)2‘ of )‘

The dependence of the plasma electric potential

change at a distance of 3 cm from the antenna due to

Miller force action dp as a function of the toroidal

wave number | is shown in Fig. 6.
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Fig. 6. The plasma electric potential change d¢ due to
Miller force action at a distance of 3 cm from the
antenna vs the toroidal wave number

As can be seen from Fig. 6, the magnitude of the
plasma electric potential change is of the same order as
the floating potential difference dp, in the case of
measuring away from the antenna and at a distance of 3
cm from it.

CONCLUSIONS

Qualitative evaluations of the electric potential
changing dp near the frame-type antenna under the

Miller force action are received.

The value of dp is of the same order of magnitude
as the floating potential difference &p, in the case of

measuring away from the antenna and at a distance of 3
cm from it for typical values of the toroidal wave
number | =5...20.

So, the Miller force action near the FT antenna is
the reason for appearance of this difference.

The results of this work give a better understanding
and further inquiry of processes which take place in the
Uragan-3M torsatron in close proximity to the FT
antenna.
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BJIUSAHUE PAMOYHOI AHTEHHbI HA IAPAMETPbI NNEPU®EPUMHOM IJIA3ZMBbI
BY-PA3PSIJIA B TOPCATPOHE YPAI'AH-3M

A.®. Jlenexo, JI.U. I'puzopvesa, B.B. Yeukun, /I.JI. I pexos

HOJ’IY‘ICHBI Ka4YC€CTBCHHBIC OLCHKW H3MCHCHHSA JJICKTPUYCCKOTO IIOTCHIIMAJIA BOJIM3H paMO‘IHOfI AHTCHHBI
BCJICACTBHEC BO3,I[6ﬁCTBHH: HOHZ[GpOMOTOpHOﬁ CHJIBI MI/IJ'IJ'Iepa, KOTOpas Z[eﬁCTByeT Ha 3JICKTPOHBI IJIa3Mbl BOIM3H

MCTOYHHMKA H3JIYy4YCHMSI,

BBITNIPAMJICHHOTO 30HAOM OCHWUIMPYIOHICTO IOTCHIIMAJIA BBICOKOYACTOTHBIX BOJIH,

B036y>Kﬂa€MI)IX paMO‘IHOﬁ aHTCHHOﬁ; 1 BBIINPSAMJICHHOTO MOTEHIMAIa paMO‘lHOﬁ AHTCHHBI, BO3HUKAIOLICTO MPU

nogave Ha He€ BYU-HanpsokeHus.

BILINB PAMKOBOI AHTEHU HA TAPAMETPH NEPU®EPIMHOI IIJIA3MH BU-PO3PS Y
B TOPCATPOHI YPAI'AH-3M

A @. Jlenexo, JI.I. I'puzop’cea, B.B. Yeukun, /I.J1. I pexos

OtpumaHi SIKICHI OLIHKM 3MIHU €JEKTPUYHOIrO IIOTEHHiaxy MoOJIM3y PaMKOBOI aHTEHH BHACIIJIOK BIUIMBY.
MOH/IEPOMOTOpHOT cmim Mumtepa, ska Ji€ Ha €JIeKTpOHM IUIa3MHM I00JIHM3Y JpKEepesia BHIPOMIHIOBAaHHS,
BUIPSIMIICHOTO 30HIOM OCLMJIIOIOYOTO IOTEHIiaJly BHUCOKOYACTOTHHX XBWJb, SIKI 30YIUKYIOTBCS PaMOYHOIO
AHTEHOI0; BUIIPSIMJICHOTO MOTEHIIa)ly pAMOYHOI aHTeHH, SIKMH BUHUKA€E IpH 1ojadi Ha Hei BU-nanpyrn.
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