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ABSTRACT

Linear discharges in a steady axial magnetic field are produced in hydrogen
plasmas by means of unconventional line generators. The current non decaying
pulses range from 1 to 50 kA at a frequency of 3 MHz. The penetration of

the azimuthal oscillating field is observed, and the influence of limiters

is investigated. A critical current is found, and this result is compared

with previous theory.

Anomalous skin depth results from analysis of the complex wave vector, which
shows energy exchanges with the plasma, in addition to the normal joule

heating. Decreasing conductivity at low densities indicates possible turbu-

lent behaviour.

An interesting feature of the discharges in the highest power range is the
excitation of magnetosonic compressional waves at the second harmonic of the
axial current with typical resonance effect. This quadratic interaction, not

observed before, is explained with a simple model considering the pressure

gradient at the plasma boundary.



1. INTRODUCTION AND PREVIOQUS WORK

Interest in plasma interaction with rf fields has been motivated mainly,
in thermonuclear research, by dynamical stabilization and heating schemes.
Experiments requiring very high rf power have been, however, generally

limited by the available equipment.

Consider linear discharges with I = Iz cos@Wt in a steady axial magnetic
field. The producthZ is a crucial parameter for the feasability of the

experiment, if power -availability and insulation problems are considered.

Early work along this experimental line has been reported by BOBYREV (1966)
and GORDIENKO et al. (1968). With typical values of CJIZ= 1010 [DUBOVOI

et al. (1970)] dynamical stabilization as well as anomalous heating has
been observed. In these previous experiments attention was paid to the
penetration of the azimuthal magnetic field. Insulating diaphragms have
been reported to improve such penetration. From that time, however, insula-
ting limiters at higher intensity have been rarely used and positive
[HOFFMANN et al. (1972)] as well negative [GRUBER (1972)] results have been
reported for different experimental conditions. Experiments with decaying
pulses (capacitor discharges) are reported by GRIBBLE (1969) and BEREZIN
(1972). The current was increased and the frequency decreased. The QJIZ
product, however, was increased by a factor ten (g)Iz= 1011). The result

of this previous work can be summarized as follows.

The experimental proof of the dynamic stabilization of the low modes has
been generally recognized. Anomalous heating rates have been generally ob-
served, suggesting turbulent behaviour. The problem of the radial distribu-
tion of the energy remains however still unresolved, because the current
carrying layer generally develops near the wall and the efficiency of in-
sulating diaphragms at large current is controversial. This paper reports
experiments performed with a special technical facility which improves (gIz
by a factor ten (coIz= 1012). Moreover the rf pulse is not decaying and

allows investigation in an unexplored area.



2., APPARATUS AND DIAGNOSTICS

A schematic diagram of the experimental installation is shown in Fig. 1.

2.1 The Discharge Tube and the Auxiliary Circuitry

The discharge tube of 15 cm diameter and 114 cm length is evacuated by a
turbomolecular pump (base pressure 10--7 Torr). The tube is equipped with
cylindrical end electrodes and is situated within a coil which produces an
axial magnetic field. The field can be varied from 0.1 to 1 T and remains
constant during the discharge. The experiments are carried on with hydrogen

gas, whose filling pressure ranges from 1 to 100 mTorr.

To ensure breakdown at low pressure and partial preionization, an E x B
preliminary discharge is produced by means of an HF prepulse (6 MHz) ap-
plied symmetrically to two coaxial ausiliary end electrodes. The preioniza-

tion can be improved by a supplementary unidirectional 2/us pulse.

2.2 Radio Frequency Generators and Matching Circuits

The 3 MHz main discharge is produced by a special line generator. To improve
the efficiency of the energy transfer from the rf generator to the experi-
ment, a resonant circuit allows the plasma column to resonate with two
capacitors stacks symmetrically arranged at the ends of the tube. In fact
the plasma column with the axial current return paths, located around the
tube, can be considered as a section of transmission line whose impedance

is mainly inductive at the working frequency. The correct impedance matching
with the generator is obtained by a proper choice of the length of the
cables, connecting the generator with the experiment. Line pulse generator
techniques and rf plasma matching methods have been reported by LIETTI
(1968, 1969).



2.3 The rf Main Discharge

In this experiment the intensity of the 3 MHz non decaying discharge pulse
can be varied from 1 to 50 kA, the duration from 5 to 15/Ls. The reproduci-
bility of the pulse depends on the experimental conditions, it generally
improves with increasing filling pressure of the hydrogen gas. At a given
time the variation of the current amplitude from one shot to another goes
from ¥ 157 to * 5% for filling pressures going from 3 to 100 mTorr. To
compensate for these variations, unless otherwise specified, the measured

data which will be reported in this paper have been averaged over five shots.

2.4 Diagnostic Methods

The diagnostic techniques include internal magnetic probes, external cur-
rent and voltage probes, diamagnetic loops, spectroscopic observation,

interferometry and fast photography.

Magnetic probes can be inserted radially in the central midplane of the
tube and allow measurement to be made of the field profile. This way, when
a skinned state is reached, the local position of the plasma column can be
determined, while its average position, as well as the incoming energy, can
be deduced from analysis of the voltage-current function. Simultaneous
measurement of the mean electron density (axial interferometry), average
transverse energy (diamagnetic loop signals) and Doppler broadening
(spectral analysis in the center midplane) allow an estimation of n, Te

and T..
i

3. EXPERIMENTAL RESULTS

Three different topics of this experiment will be separately presented and
discussed: the influence of limiters, the analysis of the skin layer, and
the magnetosonic resonance effect. Unless otherwise specified MKS units are

used.



3.1 The Influence of Limiters

The efficiency of the limiters to control the rf axial current flow and
to improve the penetration of the oscillating magnetic field was tested
as follows. Two quartz diaphragms with a 4 cm hole were symmetrically
placed 74 cm apart in the discharge tube, and discharges with different
current intensities and gas filling pressure were performed. The end
electrodes had the same diameter as the diaphragms hole. Only HF pre-
ionization was used. The initial plasma density ranged from 1018 to 1019

m 3 according to the gas filling pressure.

The axial steady field was 0.4 T.

In no more than one microsecond a definite skinned state was observed, the
skin depth S. being generally lower than one centimeter. Since 5.<K R

(tube radius), a plasma column "radius" r can be considered, which indicates
the location of the current flow. Time evolution of r, averaged over the
tube length, is shown in Fig. 2 at different discharge currents (filling
pressure 5 mTorr). Fig. 3 shows the dependence of r on the current at dif-
ferent filling pressures. The existence of a critical current Icr is evident.
When Iz > Icr the limiters do not control the current any more. The fast
expansion of the plasma column with a current beyond the critical limit has
also been observed by image converter axial framing photography (Fig. 4).
Note that the expansion is symmetrical, no m = 1 instability mode is ob-
served, as occurs in unidirectional discharges, beyond the Kruskal-Shafranov
limit. The view that the expansion does not originate from this instability
mode is further supported by the observation that the plasma column expends
faster with increasing density, as Fig. 3 shows. Moreover the growth rate

of the instability has been estimated to be smaller than the rate of change
@ of the oscillating current. As a consequence, dynamical stabilization
would be expected. This feature has been considered by GORDIENKO et al.
(1968).

A more recent study, however, considers the propagation of Alfvén wave in
the dilute plasma outside the central column [&ONES et al. (1974)] . A

critical parameter € =WL/2V is considered (L is the axial length between



the limiters, V is the Alfvén speed) and it is shown that the limiters
are effective only when ¢ <1,

In this experiment the plasma is only partly ionized at the beginning
of the main discharge, and the electron density increases with time.
Fig. 5 shows ¢ and r as a function of time in a critical 4 kA discharge.

An increase of the expansion growth rate is observed when e - 1.

Note that the Alfvén speed has been deduced from the estimated density
and the filling gas mass. This way impurities can somehow introduce
an error. Even if this argument is considered, we conclude that the

theory gives a possible explanation of the experimental observation.

3.2 The Skin Layer

The investigations about the skin layer were performed under the
following experimental conditions : axial magnetic field 0.4 T,
maximum I, current 20 kA, préionizing d;c. pulse 3 kA, 2 us, electrodes
diameter 12 cm. No diaphragms were used., The skin depth was measured
at the midplane of the discharge tube, and the values were averaged in

the interval 1-5 us after the beginning of the discharge.

We investigate the penetration of the azimuthal magnetic field produced
by the oscillating axial I, current. The skin depth being small compared
to the radius of the plasma column, a plane geometry is considered. In
this coordinate system, the y direction corresponds with the radius, the
positive sense of the y axis being directed towards the center of the

tube. Consider the wave equation :
Bx = B expl:i(ky-wt)]‘ (1)
Quite generally, we can write :
—ik=a—+i‘—3-=——£2:~exp[i(%+%] 2)

where o, B are real quantities.



When the field penetrates into a conducting medium, where the current
is simply proportional to the electric field, equation (2) reduces

to the usual skin effect formula : o= B = §5; 8 = 0. We refer to
this situation as '"normal skin". 1In this experiment & and 6 have been
deduced from the observation of phase and amplitude of the magnetic
field as a function of radius. The result of average measurements in
various discharges at different filling pressure of the hydrogen gas

is given below :

mTorr Hy | 5 10 20 60 100
s cm 0.52 0.30 0.20 0.27 0.30
6 rad -0.22 -0.63 0.56 0.64 -0.62

Since the measurements give 6 § 0, the field penetration deviates from the

"normal" one, showing a somewhat "anomalous" skin effect.

In Appendix 1 a theoretical exploration has been made to understand the

physical meaning of this deviation.

As a result, some evidence has been found that 6 + 0 simply means that
not all the energy entering in the medium is dissipated in joule heating

of the skin layer. The total power delivered to the medium is given by

W = W, é%-dl + sin 6 (3)

where W is the power dissipated in joule heating in the normal case.

6 # 0 means additional power exchanges to or from the medium. Plasma motion
and wave coupling can eventually contribute to these extra exchanges. We
suggest wave coupling to be more likely to occur in this experiment, since
no gross plasma motion was detected in the time interval of the skin mea-
surement. Further analysis in the matter requires additional information
about the plasma state and therefore we will not go any further in this in-
vestigation now. We simply note that, from the measured values of 6, at least

757 of the exchanged power is dissipated in joule heating of the skin layer.
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Another point, however, is worth being considered. The electrical

conductivity s can be deduced from the skin depth measurements; and

compared with the classical conductivity'gcl, as results from cal-

culation on the ground of the estimated electron temperature. Since

the temperature, which reaches about 4'105 K at the lowest density,

decreases with increasing density, the ........ (see page 8)



classical conductivity decreases. Fig. 6 shows (§ and 6;1 as a function

drift/vsound has been

also indicated, and strongly suggests that the decrease in conductivity

of density. An estimation of the velocities ratio v
at low densities, which results from the measurements, can be produced

by ion-acoustic instabilities. This possibility was discussed by SKARSGARD
(1973).

3.3 Magnetosonic Resonance

A Bz field, which oscillates at the second harmonic of the axial current
frequency was detected in the high current, low pressure discharges. Fig.
7 shows a signal recorded on the axis of the tube in a typical discharge.

The current amplitude was Iz= 50 kA, the steady axial field B.= 0.4 T,

the electron density n = 1020 m73.

0

Fig. 8 shows the radial profile of Bz having the maximum amplitude on
the axis, which is typical of compressional magnetosonic waves in cylin-
drical geometry. These waves are well-known, see for ekample WOODS (1962),
and CANTIENI and SCHNEIDER (1963). The waves are generally excited by a
coil, wounded around the tube, which produces a Bz oscillating field. The
excitation by means of an axial current, with frequency doubling, suggests
a quadratic effect, which, as far as we know, has not been reported until
now. We assume that in previous experiments the excitation threshold was

not reached.

The coupling of these waves with the current simply originates from the pres-—

sure gradient at the boundary layer, produced by the skinned Be field. The

calculation is carried out in Appendix 2 with a simple two fluids MHD model.

It results that the oscillating Bz fields can be expressed as follows:

3 2
B,(H) =

Jc-a [K (r+,5) /"‘° 2 IZ 1 (4)
where now the frequency of IZ is 5, § is the skin depth and 9 is the

Te (KR) 3Swye (nR)?

ion density.



The damping function F can be deduced from the transport coefficients of

the plasma, as shown in Appendix 2. A calculation with classical coef-
ficients, however, results in values of Bz higher than the experimental
ones. Additional damping, therefore, must be considered. In this experiment,
a satisfactory agreement between the expression (4) and the measurements can
be obtained assuming F/JO(KR) = 0 (experimental damping constant). In this
manner, Bz(r=0) was calculated as a function of density and current. Fig. 9

compares the result with the experiment.

Finally, Fig. 10 shows measurements of Bz as a function of the steady ma-
gnetic field B, at various densities. Typical resonance effect results at
densities which corresponds to minimums of the Bessel function JO(KR), in

agreement with equation (4). Since Im(K) <X Re(K) this occurs when KR == 2.4,

CONCLUSION

The investigation of rf discharges one order of magnitude larger than in
previous experiments allows a number of interesting observations. This
powerful interaction presents many aspects concerning the plasma dynamics,
heating and wave coupling. The investigation about the limiters shows

that their utility depends on the intensity of the discharges. This conclu-
sion accounts for previous controversial results. The penetration of the
azimuthal field depends on the skin effect. Anomalous heating has been
observed, but the energy is deposited mainly in the outer region of the
plasma. More interesting is the penetration of the Bz field due to magne-
tosonic resonance. A quadratic coupling of waves and current has been ob-

served for the first time.
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APPENDIX 1

o e e ey gy s e ke o e e
mommiTmmmmmes e rn RIS

SKIN EFFECT CALCULATION

In the plane model considered here, the wave vector (2) is directed toward

the ¥ axis. The linear surface current intensity is given by

| ' ' (5)
T(H=1 ex}«(-(wf):l'};(y,f)dy
z
Taking in account the Maxwell equqtions
5, 9B 'DB .
.EEEEE = - % G '”'/llo (6)
QY. ot /.

and the boundary condition (5), the penetration of fields and current

can be described by the following relations

Bupt) = plon-[EeiCEre®] o

Ea(p,h)= #—XI@‘}' [%+'(%,7+f’+wf)] (%)

J?((a %):--‘ Texp- [iﬂ(vw—}———‘ﬂ’t)] 2

When 6 = 0 this system gives the normal skin effect relations. The total
average power transferred to a unit surface of the medium is given by

the Poyntlng vector

W-—-—-“-<E(0f B(O b) o)
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or by the volume integral of the j*E product

| T y 0o .. T :
W= fdtfjEdy = »,]-;/oly/g Edt av

2 1

‘where T = = . Both calculations give

o

2
w:%-R T (12)

- where R is the surface resistance

R= ‘—-ﬁ——-\/ {+)m 6 w/“"é— /j (13)

The expressions giving W and R differ from the one's occuring in the

normal skin effect by the factor:
2

: _F _R _w
JAoml = g E e W

More information about the energy flow requires a relation connecting cur-

rent and fields. For the normal skin effect, (8=0) an elementary Ohm's

law applies:

JZZ-‘ & Ez

(15)

A simple example of a situation where © # 0, can be given if we consider

plasma motion in they direction. Ohm's law becomes now

= -~ B) (16)
Jz G' (Ez y X .
and the total power

W= Wy +Wy, (17)
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where W, is the joule heating

: ,{ 2
WJ. — A Mow A I (182)

ng V wsd

and W_ the mechanical power

-, |
[ uew «
Wy, = ) %“;6, Jme I - (18b)

comparing now W (v # 0) and W(; (v = 0) we found
W _ 4 . s/
w = +Vymp = — cg:-- (19)
o Vb prV A

—3— > lwhenv >0 (eompression)‘
0

-—3—- < 1 when v £ 0 ('expansion)
e

. d
From (14) and (19) we have : -c-f: = '?3‘(" ~ (20)
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APPENDIZX 2

WAVE COUPLING CALCULATION

We consider a plane model with a steady magnetic field B0 in the z direc-
tion. The motion of ion and electron fluids is described by the equations
of momentum, state (adiabatic condition), continuity, together with Maxwell's

equations. Frictional, but not viscous terms are retained.

Since we are interested in magnetosonic plane waves propagating in the y
direction, only the vector components relevant for these waves are consi-

dered. We obtain the following linearized set of equations:

PYA e
OV, DP
oVix - . A  ay
min, St = e, (E+v, )—m,novmvjx—memve, (Vix-Vex) @3

mcwo gtex e" (E"'Uéy B,))—MQ"oVeh %x—me”ovei (U’EX-—U—‘_X) (24)

SE 3B
R (25)

_L T OMq: 26
S =) & >% (26)



- 15 -

0 e
-Je-=Xe*k72-D~;'—— 27)

0N Dv'c'g/ = o (28
ot oy

Cadl: + Ny -—-We — © (29)
ot D‘j/

E and B represent the x and z components of the oscillating electric and

n
magnetic field. The particle density is n. = n_+ n_ . ;-—-l- XK 1;
B i,e 0 1-1,e 0,
3 <KL
’ )
. - a .
We consider wave solutions: el(ky wt); -§—-= ik; -5-— = - 14 3 from
. . p t
continuity equations results
Ny Ve Ng, e Uo
) — [/ ; L./ .—-2.%—- (30)
No \V4 Yo V

w .
where V =-fx - Equations (26) and (27) become now

ope - J :
.....f_.:.: Lk mgyg%’ﬂ'; --l’i:Lk 'n,e)/e‘%en (31)
oy X

We introduce the following notations:

LY \ Ve, m
b)m - o ) web = “——-‘w‘ y ———’Mi :/0!. (32)
w . ' . " N )
—(1:—5;: ) (Xu)e k TL,C)/('ML,& Vz) = Zb/a

and substitute in Eq.(21-25). We obtain a linear system of equation, whose

unknown are the velocities:



- 16 -

(33)
A
V3 ‘ 4
W= 5 (j=1-4); [a) [“]: o
Bo '
)
The elements of the matrix [a] are:
(183.)

au= 0 (- Wi —p Wei +1);  e=Opee; an=1; &
A= -NUWei; A= p(Wen+ Wel—L); an=o; a5  (igb)
A3 = —.’L; A32=Ol‘ 833 =N I"(A)“n-/alwec-f‘{;(’l“z‘[)]} a34: ﬂ/

. (19)
aqq.—.:o/‘ ‘Qye =1 ; 343::_(1./0 Wy aQL‘:/U»_(l [-C—(A)ev\“'weé)'}' 1

The solution of (34) gives the velocities and substituting in Eqs.21 anc

22 we obtain a non-dimensional function F ?

- hd L ‘

—-14 Bo D(Pr“f’e)_ - s Yo <l =) e
F:wfVB oy = () (Uey utx) /u(we" L)%y (a}h :,)u,y (35)

Consider now an equilibrium situation, where the plasma is contained in

the y> 0 space by a magnetic field gradient, which results from an oscil-

lating current, flowing on the y = 0 plane in the z direction. The linear

current density

A
L=1 st (36)
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produces the magnetic field

X
Bylyl=4 moIpe™ & (37)

The skin depth & develops a magnetic pressure gradient

A 24
O P = Pk Iz wiwt e &

=~ el (38)
oY 85
At the boundary, y = 0, the amplitudes of the magnetic pressure and
the plasma pressure balance so that
’D/’(: Dﬂe ’D/"M
}? + = + ,39/ = 0 (39)
and substituting in Eq.(35) we found the oscillating BZ field at the
boundary:
2
/40 BO I
B, = F (40)

§ é'u)f>\/
where P = nm, is the ion density.

The solution (40) can be used as a boundary condition of the plasma column

of radius R. This can be allowed in this experiment because & <& R.

The extension to the cylindrical case is then straight forward, when the
well-known solution for the fundamental mode of magnetosonic wave is

considered.

We obtain

(41)

where Iz is now the total axial current. Note that the dependence on B

Vpo

0

disappears by introducing the approximate relation V =
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Schematic diagram of the experimental installation

The evolution of the plasma column radius at different discharge

currents

Dependence of the plasma column radius on the current at dif-

ferent filling pressures

a) Discharge current
b) Exposure time

¢) Framing photographs

r(t) and £ (t) in a critical 4 kA discharge at 5 mTorr filling

pressure

Measured and classical conductivity ( G;, 6:1) as a function

IAY is also indicated

of density. The ratio v
sound

drift

Upper trace Iz current

Lower trace B field on the axis of the tube

Z 20 -3
B 0.4 T, n =102 o

Radial proefil of Bz’" 3 Iz= 50 kA, B,.= 0.4 T, n 1020 m73

0

The points show values of Bz(r = 0) at the resonance. The lines

correspond to Eq.(4) assuming F/JO(KR) = ol = 4,5

Resonance effect in the 50 kA discharges
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