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Abstract

This papef presents the results and interpretation of measurements made

on the 90 MW rotating magnetic field pinch. Three standard filling pres-—
sures of 20, 60 and 180 mTorr He were chosen and the following measufements
were made: streak and framing photography, electron line density profiles,

electron and ion temperatures and detailed magnetic probe measurements.

A possible interpretation of the experimental results leads to the

following conclusions:

(1) Under the conditions of 20 and 60 mTorr He filling pressures,
the average plasma pressure exceeds that of the confining ma-
gnetic field before the end of the experiment. On the contrary,
the plasma is magnetically confined throughout the duration of

the rotating field pulse in the 180 mTorr case.

(ii)  An isotropic, anomalously high value of plasma resistivity has
been observed. The existence of conditions favourable to the
development of micro-turbulence in the current-carrying boundary

layer are inferred from the experimental data.

Lausanne



I. Introduction

The name 'rotating magnetic field pinch' is given to a configuration in
which a high-8 cylindrical plasma column is confined by a magnetic field
having a longitudinal (BZ) and an azimuthal (Be) component of identical
amplitudes. Both components oscillate at the same fixed frequency but are
dephased by 90°, The magnetic field lines on the plasma surface thus
change their direction continuously (Fig. la). At any given point on the
plasma surface, the magnetic field vector rotates in a tangent plane with

its tip moving along a circle (Fig. 1b).

The first and foremost reason for studying this configuration is the
theoretical one that, given a certain minimum frequency of rotation, the
plasma column is positively stable against all macroscopic surface defor-
mations (Weibel 1958, 1959, 1960; Troyon 1967, 1970 a, 1970 b). The actual
value of this frequency depends on the choice of plasma model; in general,
it is lower for a collision-free plasma column than for a collision -
dominated one. For either model, the important assumptions are that the
plasma column be surrounded by a conducting shell and that the boundary
layer in which the field and the plasma mix be thin. It should further be
noted that the rotating field pinch has an equilibrium position, and re-

mains stable, even when produced in a toroidal geometry.

Other advantages of this confinement scheme are the following. Since the
magnetic field is confined to a thin boundary layer, loss of energy by
cyclotron radiation is minimized. Furthermore, again because the current

is concentrated in a thin layer, the current density is very high and so,
initially, is the ohmic dissipation. When the mean free path of the charged
particles becomes comparable to the width of the field-plasma boundary
layer, this ohmic heating ceases to be important. At this time, however,

it is possible to change the relative amplitudes of the Bz and Be field
components so that the plasma surface experiences magnetic pressure varia-

tions at twice the rotation frequency. Because of the long mean free path,



these pressure variations are not propagated into the interior of the
plasma column as acoustic waves but rather as longitudinal ion oscil-
lations which, as a result of strong ion Landau damping, attenuate
within a distance comparable to the plasma radius. This heating mecha-
nism affects the ions only and is very effective (Weibel, 1963). In
principle, therefore, the efficient heating of the plasma column of a
rotating field pinch presents no problems; it can readily be achieved

by means of ohmic heating followed by ion heating.

The main difficulty of producing a rotating field pinch is technolo-
gical: large magnetic fields (1-5 KGauss) at radio frequencies (1-5 MHz)
must be produced. In this laboratory the problem has been resolved (at
least to the extent of allowing the theoretical ideas to be tested) by

the development of high power pulse generators based on transmission

lines of the lumped and continuous varieties (Weibel, 1964; Keller, 1965;
Lietti, 1969 a). As a result of this development it has been possible to
construct an apparatus capable of generating a rotating field pinch. A
description of the apparatus and some very preliminary experimental results
have previously been published (Jones et al, 1968). It is the aim of this
paper to present the results of measurements which have since been made on

the installation.

2, Apparatus

The rotating field pinch is produced by the superposition of an alter-
nating 6-pinch and an alternating Z-pinch (Fig. lc). A detailed description
of the apparatus has already been given; at this time it suffices to list

its basic parameters.

Internal diameter of discharge tube, 2 R = 49 mm
Distance between Z-electrodes, L0 = 488 mm
Diameter of Z-current return strap = 65 mm



Maximum amplitude of Bz (Be) field

2.1 (2.3) Kgauss
3.1 MHz

at inner wall of dischérge tube

it

Frequency of rotation

Duration of rotatfﬁg field 2.3 usec (7 periods)

The measurements reported in this paper were made on a modified version

of this apparatus. The modifications were mainly concerned with reducing
the impurity content of the discharge and included, for example, the
substitution of a high purity alumina discharge tube for the original

pyrex one, the incorporation of a large liquid nitrogen trap, the use of
indium O-rings instead of the previous neoprene ones and the prior cleaning

of the discharge tube by means of an R.F glow discharge (Heym, 1968).

The experimental results which follow were obtained using helium as filling

gas at initial pressures of 20, 60 and 180 mTorr.

3. Measurements

3.1 Streak and framing photography

Fig. 2 shows axial streak photographs of the rotating field pinch taken
at the three standard values of the initial filling pressure. The origin
of the time scale below the photographs corresponds to the start of the
rotating field discharge. Auxiliary spectroscopic measurements show that
the light recorded on the film is mainly due to line radiation of helium
and various impurities (mainly oxygen and nitrogen). As will be shown
later, there is only a rough correlation between the light and electron
density distributions across the discharge tube. Above the streak photo-
graph of Fig. 3 (60 mTorr filling pressure) is shown a row of framing
camera pictures. These show that the light emitting region of the plasma
retains its cylindrical symmetry throughout the duration of the R.F.

pulse.



A comparison of these photographs with the ones published in Jones et

al (1968) shows that:

1) the light intensity in the present streak/framing
photographs is about ten times less. In particular,
the wall light which appeared towards the end of
the implosion stage in the previously published
photographs, and which was correlated with "wall-

breakdown'", is now much reduced.

(ii) the time taken for the light emitting region to reach
the discharge tube axis is shorter in the present expe-

riments.

These effects are attributed to a reduced impurity concentration in the

modified version of the apparatus.

3.2 Electron line density profiles

The axial electron line density was measured by means of a Mach-Zehnder
interferometer (Heym, 1968) which utilizes a He-Ne laser beam. The part
6f the laser beam which traverses the plasma has a length, Ll’ of 408 mm
(this being the distance between the "look-ins'" described in the above
reference) and an effective diameter of 1 mm. The time variation of the
axial electron line density, ;;(r,t), where

!

t"'lv—*

ne(r,t) = ne(r,z,t) dz
r, 8, z - cylindrical coordinates

n, - local electron density

was measured with the laser beam located at a fixed radial position.
Density profiles were obtained by repeating the measurements at a number

of radial positions.



The results of such measurements are shown in Figs. 4, 5 and 6. Each
value is the mean of at least three measurements. It is at once evident
that there is only a very rough correlation between the density profiles
and the distribution of light on the streak picture - the correlation is
best for the 180 mTorr He case where the importance of the impurity line

radiation is least.

Integration of these density profiles over radius and length gives the
total number of electrons, Ne(t), present at each instant in the dis-
charge tube. The variation of Ne with time is shown in Fig. 7 for the
three standard filling pressures. In this graph the values have been
normalized to that which corresponds to complete double ionization of

*
the filling gas (Ne).

3.3 TIon Temperature, Ti

The temperature of the singly-ionized helium ion spgcies was obtained by
observing the Doppler broadening of the He II 4686 A line. The use of a
12-channel Fabry-Perot interferometer (Berney, 1970) enabled the complete
line profile to be obtained from a single shot. These measurements were
made using an optical system which was sighted along the discharge tube
and which accepted axially parallel light coming from a cylindrical region
of plasma, length ~ 500 mm and diameter ~ 8 mm. Coarse radial resolution
was achieved by observing the line broadening with the axis of this cylin-

drical region situated at r = 0; 6; 12 and 18 mm.

The measured line widths were corrected for instrumental broadening, Stark
broadening (using the results of Section 3.2) and also the effect of reab-
sorbtion. The resultant corresponding ion temperatures are plotted in Fig.
8. Each value is the average of at least five measurements. It should be

pointed out that in certain cases the corrections were so large that only

very rough estimates of the ion temperature could be obtained.



3.4 Electron Temperature, Te

The ratio of the total line and continuum intensities (in 100 X band
centred at the line) for the He II 4686 Z line was measured as a
function of time. The measurement was made with no spatial resolution
and only for the 60 mTorr He filling pressure case. The variation of
the electron temperature, as deduced from this ratio (Griem, 1964), is

shown in Fig. 9. The points shown on this graph are the mean values of

three measurements.,

Care must be taken in the interpretation of these measurements. For the
case of a plasma which is undergoing rapid ionization, the population
of the upper state of the line may depart considerably from its Saha-
Boltzmann value. In addition thére may be some'uncertainty involved in

the experimental measurement of the continuum intensity.

3.5 Magnetic probe measurements

The magnetic field configuration of the rotating field pinch was examined
by means of a double magnetic probe which was capable of measuring simul-

taneously the two field components, B_. and Bz (Jones et al, 1969). By

e
making measurements with the probe located at various radial positions, it
was possible to obtain Be(r,t) and Bz(r,t) with good space and time reso-

lution.

For illustration, a set of instantaneous radial profiles of Be are shown

in Fig. 10 covering the period t = 1250 ns to 1525 ns in steps of 25 nsec.
Each experimental point is the mean of at least four measurements. The
entire set of experimental data gave profiles such as these, and corres-
ponding ones for Bz, covering the total duration of the rotating field
pinch. Of necessity, the Be component falls to zero at the tube axis; it

is of interest to note, however, that in the interior region O < r < 13 mm,

the Bz and Be components were never found to be more than 27 of their

surface values.



The components of the electric field are related to the time derivatives

of the magnetic induction through the equations:

T
E (r,t) = i r' B (r' t) dr' (1)
e’ r ot z ’
o
and
T
- 9 ' '
Ez(r,t) Y Be(r ,t)dr' + Ez(o,t) 2)
o

For the present experiments, the value of the constant of integration,
Ez(o,t), is zero at all times. The values of Ee(R,t) and EZ(R,t) were
calculated using the above relationships; the maximum values observed

were never greater than 100 v/cm.

Knowing the values of Be(R,t), BZ(R,t), Ee(R,t) and EZ(R,t), it is
possible to calculate the rate of energy flow from the 8 - and Z -
circuits through the surface A (= ZWRLO) defined by the inner wall of

the discharge tube

>
t|>

Pe(t) = — Ee(R,t) BZ(R,t) H Pz(t) =

¥ E_(R,t) By(R,t)
(o] [e]

These quantities are shown plotted in Fig. 11 a, b for the 60 mTorr He

case. The energies, We(t) and wz(t), deposited in the discharge tube can
be obtained by integrating the corresponding power curves. The result of
such integrations is shown in Fig. 11 ¢, d. The curve in Fig. 11 e shows

how the total energy, W_ + Wz, in the discharge tube increases with time.

2]
At the end of the rotating field discharge, 70 joules (64 joules for the
20 mTorr case and 63 joules for 180 mTorr He) have been transferred from
the R.F generators to the discharge tube. Since 208 joules were initially

stored in the generators, this represents a transfer efficiency of 34 %



Since a great deal of information is extracted from the magnetic field
plots, it was deemed judicious to carry out an independent check on the
reliability of the probe measurements. To this end, simultaneous measure-
ments were made of the voltage, Vz(t), between the Z-electrodes and the
axial current, I;(t). These measurements were analysed to give the power
flow between the rf Z-generator and the discharge tube and, by integration,
the energy Wz(t) entering the discharge vessel. This latter result is

shown in Fig. 11 c¢ where it can be compared with that obtained from the
probe data. The agreement between these two independent measurements

demonstrates, to a large measure, the validity of the magnetic probe data.

The value ‘of the plasma surface resistivity, RS, (i.e. the resistance of
the plasma surface for a unit length and unit width) was obtained by
dividing the average power by the mean square current. The following

equations were used:

L P _(t)

_ o 8

RS(t) - 21R 7
Ie(t)

and

P (t)

R (t) = 27R z

s L _E
© I7(t)

Z

where the bar indicated a suitably time-averaged quantity (see, for example,
Fig. 11 a,b). Values of Rs thus obtained for the three standard filling
pressures are shown in Fig. 12 a, b, c¢. Lietti (1969 b) has independently
determined average values of RS; these are indicated in Fig. 12. These
values were obtained by comparing the actual performance of the rf 6-gene-
rator with that it had when loaded with a circuit consisting of a fixed

inductor (to simulate the plasma inductance) and a known, fixed resistor.



4, Discussion of Resul¢ts

Due to the absence of reliable temperature measurements having good
space resolution - especially in the neighbourhood of the discharge
tube wall where most of the current flows - any interpretation of the

experimental data must, of necessity, be a tentative one.

An interpretation based on certain reasonable hypotheses has been made.
Quantitative conclusions regarding the containment and resistivity of

the plasma have been reached; these are discussed in paragraphs 4.1 - 4.3.

4.1 Excess Electrons

Despite the efforts made to reduce the impurity content of the discharge,
the results shown in Fig. 7 indicate the presence of an excess of elec-
trons in the discharge tube. For two of the curves (20 and 60 mTorr He),
the value of Ne(t)/NZ rises above that corresponding to complete double
ionization of the filling gas. If, for the moment, we ignore the second
rise which occurs towards the end of the discharge in the 20 mTorr He
case, it is possible to identify final, steady values of Ne/N: which are
indicated in Fig. 7 by dashed lines. The fractional increase of this final
value, compared to the expected value of unity, is inversely proportional
to the filling pressure. This implies that a constant excess number of
electrons are generated in the tube whatever the value of the initial
filling pressure. This excess number of electrons is evaluated to be

59 x 1017 electrons. The origin of these excess electrons is unknown;

they could arise from the ionization of impurities (O, and N2) in the

2
filling gas, from sputtering of the aluminium Z - electrodes, from the
ionization of an adsorbed layer of helium atoms or from error in the

measurement of the filling pressure. While probably all of these mecha-
nisms are involved, it is assumed in the following discussion that the

excess electrons originate from the ionization of additional helium atoms.
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4.2 Plasma Confinement

An estimate of the average plasma pressure can be made as follows. Let

N(t) = total number of neutral helium atoms in the

discharge tube at time t

Ne(t) = total number of electrons in the discharge

tube at time t

N = final total number of electrons in the dis-
charge tube (the value corresponding to

the dashed line in Fig. 7)

+ . . . .
N (t) = total number of singly ionized helium ions
in the discharge tube at time t

++

N (t) = total number of doubly ionized helium ions
in the discharge tube at time t
a(t) = Ne(t)/Nf

W(t) = We(t) + Wz(t) total energy dissipated in the discharge

tube during the interval O < t' < t

Wth(t) = thermal energy of the plasma at time t
wi(t) = total energy used for ionization during
the interval O < t' <t
W t
th( )

win
i

p(t) = v = average plasma pressure where V is the

volume of the discharge tube

1 2 2 .
= e— + =
pm(t) 2“0 Be(R,t) BZ(R,t) average magnetic pressure at
the inner wall of the dis-
charge tube
e, = first ionization potential of helium ( = 24°6 eV)
€ = second ionization potential of helium( = 54*4 eV)
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) + ++
We assume that of the three species N, N and N , only two, namely
+ + ++ ; ) .
(N, N) or (N, N ), co-exist at any given time.

When N < Nf/2 (i.e o < 0°5), we suppose that

N = N /2 - N
f/ e
+
N = N
e
++
N = 0 |,
whence
w1 = Ne ele
= Q Nf ele

N = 0
N+ = N_ - N
f e
++
N = N - N_/2
e f

and it follows that

+ ++
W, = Nee + N (e

i 1 L teEp) e

(e

Nfe {a € " 5

]

) T Ep))

Calculation shows that the loss of energy by bremsstrahlung, radial
thermal conduction and axial mass flow is negligible during the dura-
tion of the rotating field pinch. In addition, the amount of energy

in the form of kinetic energy is at all times small in comparison with
W(t). It is difficult to estimate the loss of energy by axial thermal
conduction. If, however, we assume that this is also an unimportant loss

mechanism during the 2.3 usec duration of the experiment, we can write
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the following energy balance equation:

W () = W) - Wi(t) + wth + wi

t =20

where the quantity in square brackets can be evaluated from a knowledge
of the initial degree of ionization and from a reasonable estimate (2eV)
of the preionized plasma temperature. Knowing the experimentally deter-

mined quantities, W(t), N_ and «, it is possible to calculate Wth(t) and

f
hence the average plasma pressure, p(t). The time variation of p(t) was
calculated for the three standard experimental conditions; the results
are shown in Table 1 (60 mTorr He case only) and Fig. 13 where the ratio

P(t)/pm(t) is plotted.

If the ratio p(t)/pm(t) < 1,0, the plasma is magnetically confined. If,
on the other hand, this ratio is greater than unity, then one can only
have, at best, an inertial confinement of the plasma during the initial,
dynamic phase of the pinch. Once this phase of the discharge has been
passed through and a steady state has been achieved, the plasma will be
only partially confined by the magnetic field and thermal contact will

be established between the plasma and the wall.

The results shown in Fig. 13 indicate that for the 20 and 60 mTorr He
cases, the rate of plasma heating is such that before the end of the dis-
charge, the plasma is no longer confined magnetically. For the 180 mTorr
He case, however, the plasma remains magnetically confined throughout the

duration of the R.F pulse.

The thermal energy, wth’ of the plasma decreases with increasing filling
pressure and is an immediate consequence of the fact that, whereas the
input energy remains approximately constant for all the experimental
conditions studied, ionization represents an energy sink which increases
with filling pressure. It is of interest to note that the second rise in
the 20 mTorr He curve of Fig. 7 occurs when the plasma, no longer magne-

tically confined, starts to make appreciable thermal contact with the wall
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(see, for example, the density profile at 1.8 usec for the 20 mTorr He
case, Fig. 4). It is reasonable to suppose that the excess electrous
associated with this second rise results from the interaction of the
energetic plasma with the wall. For the 60 mTorr He filling pressure,
the plasma is less energetic and does not make thermal contact with
the tube wall until later on in the discharge. The second rise in

electron density at late times is thus less noticeable.

4.3 Electrical Resistivity

The magnetic field measurements were found to be well represented by
expressions of the following form:
R- .
SR

B (r,t) = B e ¢ wt - (Ror)
] 0 £

Z

where R is the internal radius of the discharge tube and ¢ and ¢ are
fitted parameters which are considered to be constant over the depth

of the skin layer. The magnetic probe data for the 60 mTorr He experi-
ments was analysed to yield values of & and e. The values of ¢ were
determined by following the trajectories of successive zero-crossings

of the magnetic field components as they propagated into the plasma
while values of § were obtained from the variation of the magnetic field
modulus with radius (see Figs. 10 and 14). These values are thus time -
averaged over an interval which is roughly equal to the time taken for a
typical field zero-crossing to traverse the skin layer, namely ~ 150 nsec.
Both the Be and Bz data were used to obtain the time dependence of § and

€ shown in Fig. 15.

The interpretation of Fig. 15 is facilitated if we first calculate the
penetration of the electromagnetic field into the plasma in the rotating
magnetic field pinch. We examine a simple model having the following pro-

perties:
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(i) We consider a plane geometry and assume that the plasma
occupies the half-space x > O with the y - z plane

coinciding with the plasma surface.

(11) The plasma moves with a constant velocity, v, in the posi-
tive x - direction. To satisfy the equation of conti-

nuity at the origin, a plasma source at x = o 1s assumed.

(iii) The plasma resistivity is anisotropic with respect to the
direction of the magnetic field vector. The plasma is
assumed to obey an Ohm's law which, in component form,

can be written:

Ey

i
" P

. 1
ig = O_j.(E‘L— vB)

(The symbols §f and . refer to directions

parallel and perpendicular to %)

Py and p, are assumed to be constant in space and time.

If we neglect the displacement current in Maxwell's equations, then it is
possible to derive the following steady-state field distribution equations

for an imposed rotating field

B(0,t) =B e

[B = Re(B) ; B = Im(B)J
y . z

at the plasma surface.

X . X

-3 i(wt - =)
B(x,t) = Boe e &

- % i[wt - 3;— - (a+8)]
E(x,t) = E e e :

o

. i[@t - X 8]
. . ) €
jlx,t) = ie e



B 2 oy 2
where E = 2 TR [T
o) Uo 62 8 o)

tan B

o lm

[DJ_ - oyt uov6]

[pné +ogs Vs]
> 8 o

and where S and € satisfy the pair of equation:

tan a

by +oy) +~ = o
uoeé 1 " £
1 (gﬂ,_ Et -Y = 0
H 2 2 8
o £ 8
—~ -3

. . . > - . .
The relative orientation of B, j and E in any x = const. plane is shown

in Fig. 16.

. . . . > 7 =
Fig. 16 Relative Orientation of B, j and E
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We proceed to identify three special cases:

I oy = Py =0 (say)and v = o
2p
It follows that &§ = ¢ = a;~‘ and that
0

o =0 and B = w/4. This is the usual skin effect result.

II Py # Py and v = o

In this case:

L
Y s
8 B L ‘ Py
2(p, 0y )" (1 +—=
[T % O
i
1 wuo 2
= = — . >
e P4
2(p0r )" a+-5
oL
p
tan B = M
oL
Py
ow U
and tan o =
2 + i
bu L %
2(00 )
In Fig. 17, values of § and ¢, normalized to the quantity o
0

are plotted as a function of the ratio QL/Dn' It 1s evident that
anisotropy in the plasma resistivity affects § far more than it

does the value of e.

IIL  p, =pg =p and v # 0

In this case:

= == (-
ph
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1w L
£ vph A
tan B = A(A - V)
tan a = VA
L
4 L 2 2
where A =[(1+%—-) + -g——]
ve L
vph
and
2wp
v = f=—t
ph u

Values of & and e, normalized to the classical skin depth ’§§~ , are
shown plotted as a function of V in Fig. 18. We note that & i influenced

more than e by the presence of plasma motion.

Turning now to the experimental data presented in Fig. 15, it is possible
to clearly distinguish two time domains: the first 1.5 usec of the pinch

when ¢ = ¢ and the final 0.7 usec when § is larger than ¢

0 <t < 1.5 psec

During this time interval § = ¢ and, on the basis of the above analysis
(Case I), it is concluded that plasma motion and anisotropy of the plasma
resistivity are negligible throughout this period of the discharge.Values

of the isotropic resistivity, p, can be obtained from the experimentally
determined values of surface resistivity (Fig. 12) by means of the well-
known relationship, p = de. Values so obtained for the 60 mTorr He expe-
riment are shown plotted as a function of time in Fig. 19. We note, in
passing, that the application of a plane model to the experimental situation
is justified inasmuch as the measured radial extent of the field-plasma

boundary is much smaller than the radius of the discharge tube. Furthermore,
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the slow variation of p with time permits the use of a steady-state

theory.

The isotropy of the plasma resistivity was confirmed by rough measure-
ments made of the parallel component, Pg- The values of Ee(r,t) and
Ez(r,t) were obtained from the magnetic probe data by means of equation
(1) and (2). The components of the current density are given by:

0B

l VA
Je(r,t) = - a Py

and

1

1 5
uor 5; (rBG)

jz(r,t)

Th ts E_, E 3
e components o’ B, Jg

and were resolved into Ey, Ey, j§ and jy . The ratio

and jz were evaluated for the 60 mTorr He case

E“(r,t)

p"(r,t) m

was then calculated as a function of time for various radial positions.

It was found that the value of p (which, we recall, is éssumed to be
constant over the full extent of the skin layer) could justifiably be
equated to the mean value of the parallel resistivity in the field -
plasma boundary. It is reasonable to conclude that for the time interval
under discussion, little or no anisotropy of the plasma resistivity has

been observed in the 60 mTorr He experiments.

The question remains as to whether of not the measured isotropic plasma
resistivity is classical or anomalous. A partial answer can be obtained

by means of the following argument. The classical value of the resistivity
is given by

1

n-tTt.
e el

me
p = (“‘2—)
e
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2:76 x 105(Te)3/2
where Toio the collision time for each electron = 3

Z. n. &n A
i1

(Braginskii, 1958)

If (1) we take the measured value of p from Fig. 19

(ii) we calculate the average density, ;é, in the region
20 mm < r < 24.5 mm from the experimentally determined

electron density profiles

(iii) we assume that the helium atoms are at all times doubly
ionized in the boundary layer i.e. n, =5 Zi =2
and (iv) we assume n A = 10

then, by using the above equations, we can construct Table II. It should
be emphasized that the quantity Te is the average electron temperature in

the skin layer obtained by assuming that the plasma resistivity is classical

Previous calculation (Table I) has furnished values of the thermal energy

of the plasma as a function of time. If it is assumed that this energy is
shared equally amongst all the charged particles in the discharge tube,an
average temperature, Tav’ can be calculated. This quantity is also listed
in.Table II and is seen to be greater than or approximately equal to Te .
Since all the input energy into the discharge tube is originally deposited
in the skin layer and since it takes at least a few microseconds for this
energy to be distributed equally throughout the tube and amongst all the
various charged particle species, it is plausible to conclude that the ave-
rage plasma temperature in the skin must be much higher than that listed
under Tav in Table II. This being the case, the disparity which now appears
between the electron temperature as estimated from classical resistivity

and that obtained from energy considerations can only be resolved by assuming
that the resistivity is indeed anomalous in the present experiments. Of
course, this argument loses its force if the loss of energy by axial thermal
conduction is, in reality, substantial during the time of the rotating field

pinch.
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The occurrence of anomalously high resistivity in pinch experiments has
already been amply reported in the literature (see, for example, Bodin,
1969) and has, in general, been attributed to an enhancement in electron
scattering due to the presence of microscopic plasma instabilities. One
of the conditioné for the onset of microscopic instability is that the
ratio of the electron-ion drift velocity vD(= j/nee) to the ion sound

speed

|}
k(Z.T + T.)
1 e 1

m.
i

is greater than unity. In order to evaluate this ratio in the present
experiments, consider, for example, the conditions in the skin layer at
timg t = 1.2 usec in the 60 mTorr He discharge. The average values of the
current and electron densities are 3.2 x 107 amp/m2 and 3 x 1020/m3 res—
pectively. If now we make the opposite assumption to that made earlier and
suppose that the thermal energy resides only in the skin layer, a maximum
average skin temperature of TaV = Te = Ti ~ 6 x 106 °k is obtained. Hence,
at this particular time in the rotating field discharge, the ratio
vD/vS > 3.5. Similar calculations show that VD/VS > 1 throughout the
duration of the pinch (Table III). Since the energy equipartition time
between electrons and ions is a few microseconds for the conditions of
the experiment, it is very likely that Te/Ti > 1 in the skin layer. This

is also a condition which favours the excitation of micro-instability in

the current carrying layer.

1.5 pysec < t < 2,2 usec

During this time interval § increases to nearly twice its previous value
while the value of ¢ remains sensibly the same as before. This behaviour
is consistent with the assumption that at this late stage of the pinch,
plasma motion and/or anisotropic plasma resistivity start to play a signi-
ficant role in the penetration of electromagnetic fields into the plasma.

It is not possible to identify which of the two mechanisms predominates ;
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it is plausible, however, to assume that it is a velocity effect since
it seems improbable that the plasma resistivity would suddenly become

anisotropic.

4.4 Magnetic Shear

The magnetic probe data shows that the skin layer possesses magnetic
shear. It is reasonable to expect that this shear enhances the stabi-
lity of the rotating field pinch above the level predicted by Weibel
and Troyon who assumed an infinitely thin skin layer in their analyses

(see Tuck, 1958).

Measurement of the magnetic shear present in these experiments gave
values which were typically between 4.0 ~ 8.0 radians/cm for the rate
of change of pitch angle with radial distance from the discharge tube

wall.

4.5 Ion Heating

Mention was made in the introduction to this paper of the possibility

of a heating mechanism which affects only the ions and which can be
excited by making the polarization of the rotating field elliptic. In
practice, the polarization of the magnetic field is elliptic (see, for
example, Fig. 7 d of Jones et al, 1968); it is technically very difficult
to avoid having some modulation of the magnetic pressure. Thus, if the
conditions in the vicinity of the tube wall are favourable (i.e ion mean
free paths and cyclotron radii are long in comparison to the depth over
which the oscillating magnetic pressure is acting), ion heating of the

type described should occur in these experiments.

The magnetic probe date was treated to yield the detailed variation, in
space and time, of the magnetic pressure. The sequence of graphs shown in
Fig. 20 covers one modulation period and demonstrates convincingly the
existence of a magnetic piston which acts on the plasma surface at twice

the rotation frequency.
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5. Conclusion s

The main results of the experiment described in Jones et al (1968) and
in the present paper are summarized as follows:
(1) The technical feasibility of generating a rotating magnetic

field pinch has been demonstrated.

(1i) In the 20 and 60 mTorr He experiments, it is found that after
an initial, transient phase during which the plasma is inertially
confined, the plasma pressure attains a value greater than that
of the confining magnetic field. Thus the plasma is not magneti-
cally confined under these conditions. On the contrary, the
plasma is magnetically confined for the total duration of the

rotating field pinch in the 180 mTorr He case.

(iii) During the first 1.5 usec of the 60 mTorr He rotating field pinch,
the plasma resistivity in the skin layer is isotropic and has an
anomalously high value. The occurrence of two conditions,vD/vS> 1
and Te/Ti> 1, which favour the growth of micro-instabilities in
the current carrying skin layer are inferred from an analysis of
the experimental data. At this time, we are unable to identify

the mechanism responsible for the enhanced resistivity.

(iv) During the latter stage of the pinch (t > 1.5 usec) there is a
momentary, enhanced penetration of the magnetic field into the
plasma which could be due to plasma motion and/or anisotropy of
the plasma resistivity. At the end of the discharge the field
penetration is once more that found during the early stages of

the pinch ((iii) above).

We wish to re-emphasize that the above interpretation of the experimental
data is tentative. More definitive conclusions should result from an
experiment which is currently underway and which includes the measurement

of electron temperature by means of Thomson scattering.
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60 mTorr He

V =092 x 10 m>

Nf = 4,30 x 1018 electrons

[wth + Wé] = 4,4 joules
t=0

t a W Wi wth 3p , gm )
(usec) (joules) | (joules) | (joules) | (10~ n/m") | (10~ n/m")
0.4 0.21 2.2 3.6 3.0 2.1 3.4
0.5 0.23 3.9 3.9 4.4 3.1 5.2
0.6 0.25 6.4 4.2 6.6 4.8 7.0
0.7 0.28 8.5 4.7 8.2 5.9 9.4
0.8 0.35 12.9 5.9 11.4 8.3 11.6
0.9 0.42 16.8 7.2 14.0 10.1 13.8
1.0 0.51 22.3 8.7 18.0 13.1 14.5
1.1 0.58 26.0 11.2 19.2 13.9 14.0
1.2 0.73 31.0 17.0 18.4 13.3 13.2
1.3 0.83 33.8 20.8 17.4 12.6 12.2
1.4 0.95 37.3 25.3 16.4 11.9 13.0
1.5 1.0 41.0 27.2 18.2 13.2 14.8
1.6 1.0 45.4 27.2 22.6 16.4 16.9
1.7 1.0 51.1 27.2 28.3 20.5 17.1
1.8 1.0 54.9 27.2 32.1 23.3 15.9
1.9 1.0 62.2 27.2 39.4 28.6 14.8
2.0 1.0 64.1 27.2 41.3 30.0 13.6

T A B L E I




60 mTorr He

t e ;; Tei Te Tav
see) | 0™ -m | 0%y | 10 %ee) | 10* %x) | a0* °x)
0.4 1.00 0.4 8.9 8.7 7.8
0.6 0.81 0.8 5.5 10.0 15.0
0.8 0.78 1.2 3.8 10.3 18.4
1.0 0.70 1.2 4.2 11.0 20.1
1.2 0.60 0.3 19.8 12.3 16.9
1.4 0.48 0.15 49.4 14.2 12.7
T A B L E II




60 mTorr He

t vy /v

(usec)

0.4 3.9
0.6 2.6
0.8 2.1
1.0 1.9
1.2 3.5
1.4 5.2
1.6 3.1
1.8 1.6
2.0 0.9

T A B L E ITI
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20 mTorr He
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Streak photographs of the
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Fig. 3
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ELECTRON DENS'TY Filling pressure: 20 mTorr He
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t=1250 MS

t=1.275 us

t= 1.300 MS
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FIG.10

RADIAL PROFILES OF AZIMUTHAL
MAGNETIC FIELD AT VARIOUS TIMES
(60 mTorr He)
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