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Abstract

The relation between the current generation by RF
travelling field and the accompanied power absorption is
studied experimentally in a collisional toroidal plasma.

It is confirmed at a low magnetic field that the current

is given by the product of the plasma conductivity and an
effective electromotive force, which is a new concept
introduced on the basis of fluid model; the electromotive
force is propoertional to thé absorbed RF power and inversely

proportional to the phase velocity of the travelling field.




§1. Introduction .

A direct current generation by RF travelling field was
investigated theoretically by several authors}—6) in connec-
tion with the current sustaining of the tokamak plasma. The
DC plasma current was already observed to be produced by RF

travelling field in a toroidal plasma?_lz)

Fukuda et al%3)

carried out a series of studies on the
current generation in a low toroidal magnetic field and

showed the following properties; (1) the current flows in
the direction opposite to the RF travelling field, (2) the

current depends on the toroidal magnetic field B,_ (the current

t
has the maximum at B_ ~v 100 G), (3) the dependence on By is
related to the RF fiéld penetration into the plasma, (4) the
current decreases with increasing the filling gas pressure,
(5) the electrostatic stray field do not play any essential
on the éﬁrrent generation, (6) a reasonable amount of the
current is generated by a local excitation even in the case
where the line length is shorter than the wavelength.

On the other hand, it was pointed out5)

theoretically

that the RF power absorption by electrons is essential for

the production of the plasma current by means of RF travelling
field. This is becauSe‘the momentum transfer from the RF

field to electrons is accompanied with the RF power absorption.
By analyzing the relation between the generated current and

the absorbed power in a fluid model, we found that an introduc-—

tion of a new concept of effective electromotive force is very

useful. This concept is related to the power absorption and



the generated current can be interpreted by the effective
electromotiﬁe force and the plasma conductivity.

In this paper we confirm experimentally this fundamental
relation in a collisional plasma at a low magnetic field. In
Sec.2 we describe the experimental procedure and in Sec.3 we
show experimental results of the current generation. We
present in Sec.4 a fluid model for the current generation and
introduce a new concept of effective electromotive force. In
Sec.5, a comparison between the experiments and the theory is
made. It was confirmed experimentally that the electromotive

"force thus introduced is very useful.

§2, Experimental Procedure

The experiments were performed on a toroidal device of
'Synchromak'.  The schematic diagram of the device is shown
in Fig.l. The main parameters‘of the device and experimenfal
conditions are listed in Table (I). Details of the device was
desqribed in Ref.(13). An RF travelling field is generated
by a transmission line of successive LC circults which is set
up locally on-a half of glass discharge tube. The line is
terminated by a matching resistor. The phase velocity is

1.9 x 10°

m/sec and is equal to the electron thermal velocity
of 11 eV. The argon plasma is produced by the RF field
itself; argon is used because it is easily ionized.

The generated current is measured by a Rogowskii coil.
The loop resistance of the toroidal plasma is measured by

applying a weak pulse of induétion field, which is generated

by a current transformer with iron core (0.02 V.sec); the



loop voltage is 2~ 3 volts. The induction field ( a quarter
period is 0.5 msec ) is applied at 1.5 msec after the RF
oscillator is turned on. In Fig.2, we show the timé behavior
of the toroidal plasma current and loop voltage together

with the pulsed perturbation field. We see that the current
driven by the travelling field flows stationarily through

the duration of RF excitation. The current response to the
perturbation field indicates that the toroidal plasma is
resistive. The plasma resistance is evaluated from the loop
voltage and the induction cutrrent with a small correction due to
loop inductance of toroidal plasma. We calculate the input
power of the perturbation field; that is about 200 W in
contrast with the input RF power of several 10 kW. Because of
its small power, we do not expect any appreciable modification
of the plasma parameters by the application of induction

field. In fact, practically no modification was found in

the optical observation of the total light from the plasma.

It was also observed that the resistance. does not change so
much during the RF discharge excepﬁ the initial phase.

The RF power supplied to the line.is measured by a
directional coupler. The RF power absorbed by the plasma is
estimated from the difference between the po&er supplied to
the line and the power dissipatéd in the dummy registor.

" The plasma density is inferred from the fringes of 50 GHz
microwave interferometer assuming a uniform density

distribution.




3. Experimental Results

3.1. Plasma parameters and RF power absorption.

The electron density of argon plasma is 2 v 10 X lO12

cmP3. The electron temperature measured by a Langmuir probe
is 6 x 13 eV at the center of plasma column. The electron

temperature estimated from Spitzer's condﬁctivityl4) is 2 X

4 eV if we assume that the temperature distribution is uniform -

and the effective charge Z is one ( See also Appendix I ).
In order to exclude this ambiguity of estimation of electron
temperature, we calculate the electron collision frequency
v, more directly from the relation Vg = np x n, e2 / m.)

where np is the resistivity obtained experimentally from the

" current response of perturbation field. The collision

frequency vV, ranges 20 6 X% lO7 sec—l, depending on the

filling gas pressure. It is comparable with or higher than

7

the wave frequency (w = 1.9 x 10" rad/sec ). The electron=

neutral collision frequency Van is small compared with the

wave frequency; v, = 3.3 X 10% sec™! at T, = 10 eV and P

5 % 10—4 torr. The ionization frequency Vion is smaller

than the applied RF frequency because the electron temperature

is low ( Appendix II ). Thus the plasma produced by the RF

field is in the collisional regime and the main part of Vg

is the electron-ion collisions Vai-
The RF powef absorbed by the plasma is measured by a

directional coupler énd it is 50 v 80 kW. This power

13)

absorption was obtained from the measurement of RF voltages
across the condensers of the delay line. Figure 3 shows the
distribution of RF voltage for three cases. In the absence

of plasma, the voltage distribution along the line was a

typical propagating one, though there was a little local




mismatching due ﬁo the imperfection of the line arrangement.
With plasma, the travelling field was strongly attenuated as
passing the line. This attenuation is owing to the power
absorption by the plasma. The steady toroidal plasma current

is generated by such an RF travelling field as shown in Fig.2.

3.2. Effect of toroidal magnetic field and filling gas
pressure.

We measured the generated current I plasma density Ny

tl

plasma resistance Rp and absorbed RF power Pa. In Fig.4,

we plot I ngy Rp and Pa as functions of B, at a constant

t’ t

filling gas pressure P = 2.2 X 1074 torr. The generated

current It has the maximum at about 100 gaus%3gnd then the

current .decreases with increasing B, monotonically, as shown

t

in Fig.4(a). The plasma density increases with By and the

plasma resistance decreases with B_ as shown in Fig.4(b)

t

and Fig.4(c), respectively. The absorbed RF power is almost

constant against B The joule power dissipated by the DC

£
current is evaluated to be 2.5 kW at It = 250 A. 'Thus we

see that it is a small part of the absorbed RF power.

In Fig.5, we plot I N Rp and Pa as functions . of

£
the filling gas pressure P at Bt = 130 gauss. The generated
current I, shown in Fig.5(a), decreases with increasing P.
The plasma density increases with P as shown in Fig.5(b).
The plasma resistance increases slightly with increasing P

as shown in Fig.5(c). The RF power absorbed by the plasma,

shown in Fig.5(d), ranges 50 v 80 kW. The dependence on P




was also observed at Bt = 320 gauss and similar dependence

of the current and the RF power absorption was obtained.

3.3. Effect of RF power and phase velocity.
We study the effect of RF power by changing the anode

voltage Ep of oscillator. 1In Fig.6, we plot I n R_ and

t’ P

Pa as functions‘ of Ep at Bt =1130 gauss and P = 1.5 X lO—4
torr. The current increases with increasing the absorbed RF
power P _. ‘In this case the increase in plasma density and
the decrease in plasma resistance are also seen.

In order to study the effect of phase velocty, three
types of the lines having different phase velocities of the
travelling field were prepared: Vp = 1.9 x 106 m/sec( 1.0 x
106 m/sec and 4.3 x lO5 m/sec. The RF frequency is 3.0 MHz
for Ehe lines of Vp = 1.9 x 106 n/sec, 1.0 x 106 m/sec and
1.5 MHz for Vp = 4.3 x lO5 m/sec. In Fig.7, the generated
current I, is shown at B, = 130 gauss and P = 5 x 10-4 torr.

t t

The current increases with decreasing Vp

§4. TForce generation and energy absorption.
In this section we study the force generation by RF

travelling field and the related power absorption in a

collisional plasma ( w < ve ). Here we shall neglect ion
motion assuming that ion mass is large enough. In such a

plasma, fluid model may be used. The equation of motion for

electrons is




% = o ee (B vV xB ) MLl

where m is the e}ectron mass, Vg is the velocity of the
electron fluid, ¥ is the RF electric field and B is the
magnetic field composed of static field Bo and RF field B.
In the equation ve is the collision frequency given by

Ve = Ver lén * 2%m1

The equation of energy for electrons is given by

R |
3 dmel) _ 2 Te (2)
> ar TR Tk ,

where T is the electron temperature,’ﬁ is the plasma current
density and g is the energy confinement time of the plasma.
The time\TE is governed by the loss mechanism of energy

such ‘as diffusion, ionization and radiation. The term <J-E- >
means the power absorbed by the plasma.

We consider the electromagnetic field travelling at the

phase velocity Vp along the static magnetic field ( z-direction).

In a steady state we can derive the following force relation

using Maxwell's equation,

@ = MeMm V, Vy
P )

where Vi is the mean drift velocity of electrons. This

relation is also rewritten as

o T (3)
D
Js P =pe | )
where p, = <J-E> and Jo = - neeVp. For energy, we have




(4)

The relation (3) shows that when the power of RF travelling field
is absorbed by the plasma, the DC current is generated.

If we integrate eq. (3) along plasma column under the
assumpfion that np and J, are uniform across the plasma
column, we have in the right hand side the voltage due to
the frictional force for the DC current, or voltage drop in
terms of electric circuit. Therefore, we may consider the
integral of pa/JO to be the effective electromotive force
for J_... Here we may note that with the decrease of collision

DC

frequency Vgr T and P, will tend to zero and then the voltage

p
source representation stated above will become inadequate;

)

in thiSnbase the trapped particle model3 or the current
sourée representation will be suitable. Thus we see that
this voltage source representation is applicable for a
collision dominant plasma.

In order to understand the mechanism of the current
generation due to RF power absorption, we consider a simple
model; the RF field is travelling in a cylindrical plasma

and the wave frequency w is lower than w w where w

ce’ Tpe’ ce
is the electron cyclotron frequency and wpe is the electron
plasma frequency. In Fig.8, we illustrate the phase relation
among the components of electric field’ﬁ, magnetic‘fieldlﬁ
and plasma current J in a loss free .plasma ( .Appendix

III ). In this case J and ¥ oscillate out of phase. Thus

there is no net absorption of RF power. The force %z acting




. ) . . . , v Y VIV
on electrons in the z-direction is given by F = pEZ + J By

LYY - .
- JgB.. For a loss free plasma, the net force is not

generated becauselﬁ and B oscillate out of phése. If the
plasma is dissipative, the RF plasma currentlﬁ oscillates
with in phase component relative to RF electric fielafﬁ. The
force’\ﬁ‘z is distributed in the same direction in every RF
magnetic mirror; the forcer\jrfl\ée and EG %r are in the same
direction. Thus the net force is generated when the RF power
of travelling field is absorbed by the plasma.

The RF power absorption may be calculated from eq. (1)
or on the basis of dielectric tensor. For w << w_ _, ®W_ _,

ce pe

we have the following power absorption in the plasma,

2 ~9 o 2. ~ 2
oo W (BB L w0 & (5

e Y g ) e e T

From egs. (3) and (5), the electromotive force is expected to
be smali in a low collisional plasma ( ve < w ) because of
small p,. In this region, however, it will be necessary to
consider the collisionless power absorption rather than the
collisional damping, and the power absorption given by eq. (5)

will.be modifiedlS).

§5. Discussions.
5.1. Force relation
In experiments the RF travelling field produces ionization.

The frequency V, is, however, low compared with the electron=

iron
ion collision frequency Vi Thus the ionization does not

affect the plasma resistance of eq.(3) so much. 1In Fig.9,

11




we replot, from Fig.5, the driving voltage Pa/Io produced by
RF travelling field and the voltage Rp:x I, due to the
frictional force as functions of P at B, = 130 gauss, where

Io ='JoS' S being the cross section area of the plasma

t °F Tt
also shown. We see that in both cases the voltages Pa/Io

| gdlumn. In Figﬂé, Pa/ I and Rp x I, at B_ = 320 gauss 1is
‘gnd Rp»x I decréasg with increasing P. The voltage P/ I
'équals to Rp X It‘ﬁithinAthe experimental accuracy. The
force relatiOn 6f éq;(3) is also satisfied for the other
phase veiocities.as shown in Fig.7; the electromotive force
increases with decreasihg Vp.‘ Aé for the dependencé on Pa,
the electromotive force was not observed to increaée with
Pa though the generated current increased with Pa‘ This is
because the plasma density increases with Pa and the plasma
resistance decreases with Pa. Thus we see that the balance
is satisfied globally in the ranges of B, = 100 ~ 500 . -
gauss‘aﬁd ve/w = l’ﬁ 4. Therefore the voltage Pa/IO may. be
regarded as the effective electromotive force and the current
can be estimated from eq. (3).

In the above consideration, we assumed implicitly that
the resistivity measured by a pulsed induction field plays
the same role for the current driven by the RF travelling
field. This assumption may be used in the case where both
the current and the conductivity distribution have uniform
profiles. Therefore, the experimental results obtained above
should be limited in this sense. Estimated correction
factor is, howevér, thought to be smaller than two from the

rough observation of current distribution. This smallness

of the correction is due to rather uniform temperature profile

12
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which is accompanied with a poor confinement.

5.2. Energy relation.
In this section we consider the power absorption and
the energy relation of eq.(4). The RF power absorption by
the collisional plasma may be calculated from eq.(5). The

RF electric field is estimated using the Maxwell's equation,

for the experimental conditions of £ = 3 MHz, n, =
5 x 1012 cm—3, Bt = 130 gauss, a = 4 cm and{\éZ = 30 gauss:
w B,
Eg = S+ 0 = L0 KV/m
N"—5
B =5 B =50 W/m

where Sand D are components of dielectric tensor used by

15)

Stix , a is the radius of plasma column and N is the

refractive index. If the radial wave number k. is 0.6 cm_l
where kea = 2.4 is the solution of Jo( kiea ) = 0, the

electric field,\EJ:r is high compared with the field ® The

o
absorbed RF power is calculated to be ~» 50 kW. This RF
power agrees fairly with the observed RF power of 50 v 80 kW.

In a steady state, the absorbed RF power should balance
by the energy losses. We estimate the energy loss due to

ionization roughly by using the expression_\)i vV, V, where

on
v, ( =15.6 eV ) is the ionization energy of argon and V is
the volume of the plasma. For v, == 2 x 10° sec™t and

cm—3, the power amounts to 20 kW. As for the

n =5x% 1012
e .

energy loss due to diffusion, the power becomes comparable

13




with the ionization loss. Therefore we see that the input
power balanées by the energy losses.

We may note that there is the plasma production due to
electrostatic stray field %z underneathe the exciting coil;
the field on the surface of the plasma column is strong
enough to ionize easily the gas. The plasma thus produced
hits the wall and losses the energy. The power dissipated
by this mechanism may not produce the effective electromotive
force in eqg.(3). Experimental results indicate. the shielding
of this electrostatic field does not cause any significant

13)

change in the current generation Therefore the effect

Y
of E, is not essential in this experiment.

5.3. Wave coupling. .

13)

"It was observed that the RF field penetrates the

plasma as Bt increases. This penetration suggests that the
RF travelling field couples with a plasma wave. Using a

dielectric tensor of cold, uniform plasma, we obtain the

following dispersion relationlS) ( whistler mode ) for
2
W e Cl VS
R T (6)

W Wee

where ki, k; are the perpendicular and parallel wave number
respectively. The equation shows that if k. and k; are fixed,
the plasma density is proportional to the magnetic field B,

In Fig.10, we show the theoretical dependence of n, on Bt

14




[

together with experimental data of Fig.3(b) ( case I ) and
the data quoted from Fog.2 of Ref.1l3 ( case II ). 1In both
cases the plasma density is nearly proportional to Bt'
estimate k. from eq.(6) to be 0.7 v 1.5 cm™t for case I and

We

0.46 cm_l for case II. These values are éomparable with the
value ki= 0.6 cm_l which kia = 2.4. Therefore we believe

that the RF travelling fiela couples with the proper mode

( whistler mode ) and then the bell shaped profile of RF field

%z develops.

§5. Conclusion.
We describe .a. fluid model for the current generation
by the RF travelling field and introduce an effective electro-

motive force pa/Jo that plays the role of current driving

‘electric field in a collisional plasma. Experiments were

carried out in a collisional regime at a low toroidal magnetic
field. We measure the generated current, absorbed.RF power,
plasma density and loop resistance as functions of the
toroidal magnetic field, filling gas pressure, supplied RF
power and phase velocity. It is observed that the current

I, is produced in such a way that Pa/IO is equal to Rp X I

t £

where Rp is the loop resistance of the toroidal plasma for

the joule current and Io = fneeVpS. Since Pa/IO is the

t

the experimental results may be summarized on the basis of

driving voltage and Rp X I, is the voltage drop in the model,

voltage source model.

15
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Appendix (I) Effect of radial profile of T  on resistivity.
Here, for simplicity, the radial profile of Te is assumed

to be parabolic ; T, = Teo (1 - rz/a2 ), where T__ is the

electron temperature at the plasma center and a is the radius

of the plasma column. The conductivity of the plasma is

assuméd to be determined only by electron-ion collisions.

When the current is driven by the induction electric field,

the current is given by

@ \
1 :S&E'znrdr = 7T a0, E o
0

& 2
= 2 Y ' 2
= ’a;jg (V- e ) y dY = G P

: . 0 . .
where o is the correction factor referred to the uniform

"distribution of T,-. The resistivity is 5/2 times larger than
that in the case of uniform profiles.' For the loop resistance
of 25 mQ“and a =4 cm, Teo = 7.3 eV ( Z =.l ) and 10.4 eV

( 2 ¥‘2 ). Thus the conductivity temperature Teo is comparable

to the temperature measured by the Langmulr probe.

17 -




Appendix (II) Estimation of frequency related to ionization.
The frequency related to ionization Vion is estimated

for the plasma in which the electron temperature is lower

than the ionization potential. For such é plasma the cross

section of ionization may be approximated 16)by

0e = 0g (€= &) )
_where €4 is the ionization energy and € is the electron
energy. This approximation is poor for high energy electrons.
However, the effect of these high energy electrons is expected
to be small because the numbér of these electrons is ﬁery

small. The frequency Vio is given by

n

o 2e 51 2gf &
=T | et (T ) T TE R & dE

= M 05, Y (8~ 2T ) €
where no is the number of the neutral particl:

For T = 10 eV, P = 5 X lO“4 torr, we have v, = 2 X lO5
e ion

A

sec l. This frequency is low compared with the wave frequency.

18




Appendix (III) Phase relation of RF travelling field.
We assume that (1) the RF field is travelling in the
z~direction along the static magnetic field, (2) the cylindrical

plasma is cold and uniform, (3) ion motion. is negligible,

(4) the plasma is loss free and (5) w << Wog mpe. In this
case the induced electric fieldtﬁr,r%e may be approximated by
ny , n
by = - 1D Ey
b, = iDE
0 r

where D is the component of the dielectric tensor used by

Stix%S)From Maxwell’s equation, we have the following phase
v \y

- relation of RF electric field E, RF magnetic field B and RF

plasma current ¥ except the coefficients,

Er o J(key) cos(kKz —wt)
By = J (kur) sim(kz —wt)
gg =< Jo (Kuv) sim (kz —wt)
By o« I, (kuv) sin (kz — Wt )
/g,e o :L (K\_r) cosS (kz "'u)t)
B =< J, (kur) o5 (kz ~wt)
Er =< J, (Kev) sim (Kzg -wt)
Jo = 3 Gur) cos (kg —wt)

Jo o« Jo (kur) cos (ke —wt)

where Jm is the Bessel function of the m-th order,

19
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Fig.

1.

" Figure Captions

Schematic diagram of Synchromak device .
Time dependence of the generated current I, and
loop voltage Usy together with the pulsed induction

field, where B = 130 gauss and.’P = 4.5 x 10'—4 torr.

£

Distribution of comdenser voltage of the delay line

. with and without plasma.

Generated current It’ plasma density n,. plasma loop'
resistance Rp and RF power Pa absorbed by the plasma

as functions. of the toroidal magnetic field B, at
4

a constant filling gas pressure P = 3 X 10 ° torr.
Dependence of It’ n. Rp and Pa on the gas pressure
P at Bt = 130 gauss

.. Dependence of It’ Ngs Rp and Pa on the anode voltage
Ep of the oscillator at Bt = 130 gauss and P = 1.5
X 10—4torr.
Dependence of the generated current It’ voltages
Pa/Io and Rp x I, on the phase velocity Vp at B, =

6.0 x lO—4 torr.

il

130 gauss and P
Phase relations among the components- of electric
field E, magnetic field B and plasma current J in a
loss free plasma.

Voltage Rp x I, and driving voltage Pa/IO produced
by the RF travelling field, for parameters. of P at

B, = 130 gauss and 320 gauss, where I, = J,S-
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Fig, 10,

Comparison between the experimental dependence
of n_ on Bt and the dependence predicted from
dispersion relation of cold plasma. (® ) data of

Fig.4(b), (0 ) data quoted from Fog.2 of Ref.13.
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Table (I) Main parameters of the device and experimental

conditions.

Discharge tube
majoy radius
minor radius
radius of limiter
Transmission line
number of sections
phase velocity
capacitance of condensor
Osciilator
frequency
nominal output power
pulsé\width
Iron core |
Expermental conditions
toroidal magnetic field
vertical magnetic field
filling gas

filling pressure

25 cm

10 ~ 20
1.9 x 10° m/sec

1000 pF

.3.0 MHzZ

200 kw
< 2.5 msec

0.02 V.sec

< 500 G
several gauss
argon

< 3 x lO—-3 torr
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