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Rapid heating of electrons and ions has been observed in a high-voltage toroidal theta pinch with initial bias
fields either parallel or antiparallel to the fast rising toroidal field. The elimination of rapid end losses has
permitted higher electron temperatures to be attained. In contrast to the results of linear theta pinches in
which T, £0.3 T,, it is now found that T, ~ T,. The ion heating is similar to that observed in the linear case
indicating that the effective microinstability heating process is maintained in a toroidal system. Higher
temperatures were observed with antiparallel bias fields, but in both cases superthermal electron populations
were observed indicating that the turbulent heating process involves electron tail formation.

I. INTRODUCTION

For nearly twenty-five years, researchers have pro-
duced high-temperature plasmas in linear theta pinch
devices.! Typically, this is accomplished by applying
a rapidly rising magnetic field along the axis of a low-
inductance, single-turn coil containing pre-ionized
deuterium at an initially low pressure (1-50 mTorr).
If the magnetic field rise time is sufficiently fast
(£1 usec), the plasma implodes toward the axis of the
system and a magnetic shock structure? is formed.
Using this technique, shock velocities corresponding
tc ion energies of several thousand electron volts can
be achieved with electrical efficiencies as high as 5%
(stored energy into plasma energy). Ions upstream of
the shock may be reflected by the electrostatic poten-
tial associated with the imploding magnetic piston ac-
quiring twice the piston velocity,® as evidenced by the
neutron emission resulting from D-D fusion reac-
tions* 5 and by turbulence generated by their interaction

with the ambient plasma.® The directed ion energy may

eventually thermalize on time scales faster than ordi-
nary binary collision times, leading to thermonuclear
plasmas. The continuing interest in theta pinches is
attributable, in large part, to this high efficiency in
ion heating, as well as its geometric simplicity. In-
deed, some of the proposed “alternate concept” field
reversed pinches’ and spheromak® fusion devices are
based largely on the theta pinch configuration.

Electron temperatures in linear theta pinches tend to
be below average ion temperatures. Electron energy
transport along the open field lines, which is more ra-
pid for electrons than ions, is thought to be a decisive
energy loss mechanism during the implosion phase.
The University of Maryland high voltage, toroidal
theta pinch, “Thor,” was designed to study implosion
heating in the absence of thermal end losses. An im-
portant question which this experiment addresses is
whether or not the ion heating processes remain as
effective in a toroidal system where electron temper-

atures may be higher than those in corresponding linear

devices.
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A significant aspect of many theta pinch experiments
is that for low to moderate density plasmas (10" em™
<n,,< 10™ cm™) and rapidly rising magnetic pulses
{(dB/dt= 10™ Gsec™) ordinary binary collision pro-
cesses occur on time scales longer than the experi-
mental time and various microinstability processes®
appear to be responsible for the observed plasma heat-
ing and dynamics. These microinstability processes
are driven either by the free energy available in the
relative azimuthal drift between electrons and ions in
the current sheath, V,=V, -V, =(c/4mne)(@B,/ir),
which is associated with the radial gradient in the axial
magnetic field B,, or other drifts associated with tem-
perature and density gradients. Depending on the value
of the drift velocity, various cross-field instabilities
(e.g., Buneman two-stream, ion-acoustic, and lower-
hybrid drift) may grow unstable at any time or position
in the plasma where the necessary conditions are pres-
ent. These instabilities produce turbulent field fluctua-
tions which are manifested macroscopically as an ano-
malous resistivity leading to a reduction in the drift
velocity and a corresponding anomalous Joule heating
of electrons and ions in the current sheath.

Analytical calculations'® show that the turbulent heat-
ing of electrons is at least comparable to that of the
ions. The relatively low electron temperatures ob-
served in various linear theta pinch experiments® 511,12
are, therefore, presumably due to rapid electron end
losses. Numerical computations by Caponi and Krall'®
have shown that heat loss by conduction along open
field lines is indeed a viable mechanism for limiting
electron temperatures on the implosion timescale.
However, turbulence may affect not only the plasma
resistivity, but thermal conduction as well. Chodura
et al.® showed that the electron temperature measured
in the Garching high-voltage theta pinch is due to en-
hanced resistivity in the shock and is an indication of
nonclassical heat conduction parallel to the magnetic
field. Their simulation results indicated that axial heat
flow is reéduced over classical heat flow when the effects
of turbulence are included.

In addition to end loss, the results of linear theta
pinch experiments revealed that other effects, notably
initial bias fields, play an important role in plasma
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heating. Experiments on the Maryland fast theta pinch*
showed quite different behavior depending on the direc-
tion of the initial bias field relative to the main implo-
sion field. In the antiparallel mode, a magnetic piston
is quickly formed which reflects ions in a beam moving
at twice the piston velocity.*!® X-ray emission corre-
sponding to electron energies of approximately 2 keV
was observed which originated near the field reversal
point.1® The parallel bias mode is characterized by a
very rapid diffusive penetration of the magnetic field
through over half the plasma volume, which is con-
sistent with an instability-enhanced resistivity much
larger than the classical Spitzer resistivity. Further-
more, very little electron heating is observed with
parallel bias fields as evidenced by the lack of x-ray
emission. In the antiparallel mode, spectroscopic
data'” indicated that the plasma beyond the ends of the
coil was being heated too rapidly to be explained by
classical energy transport. This result coupled with
later observations of closed magnetic field lines in the
end regions'® indicates enhanced electron energy trans-
port across the field lines presumably due to turbu-
lence. However, spatially resolved neutron emission
measurements'® indicated better confinement of ions
with antiparallel bias fields than with parallel fields.

The investigation of plasma heating in the Maryland
toroidal device was performed in deuterium plasmas
at an initial density of approximately 10** cm™ and
initial bias fields less than or equal to 1 kG either an-
tiparallel (case 1) or parallel (case 2) to the main im-
plosion field. Thus, direct comparisons of heating re-
sults are obtained for different initial bias conditions
in an experiment in which rapid end losses are elimi-
nated.

The results of our preliminary plasma heating ex-
periments in Thor have been reported elsewhere. 2°
These preliminary investigations were carried out in
an acrylic vacuum vessel at lower initial densities
(about 10 cm™) and smaller antiparallel bias fields
(less than or equal to 100 G) than the experiments now
described. At a compressed deuterium density of ap-
proximately 1x10' cm™, the observed neutron yield
corresponded to 2T; =3.5 keV for a fully Maxwellian
plasma. Spatially averaged relative x-ray intensities
indicated an electron temperature of 7 keV with abso-
lute intensities consistent with calculations also allow-
ing for bremsstrahlung on 5% of (carbon) impurities.
Magnetic probe measurements revealed a 5-10 cm
wide magnetic piston corresponding to (1-2)c/w,; at
17=0.5%10" cm™, and propagating inward at about
107 em/sec. The resulting high-g plasma region re-
mained macroscopically stable in the outer half of the
torus for about 2 usec, although the toroidal shift was
large and only arrested at the wall (no vertical field
was provided). In contrast to similar theta pinches,
these experiments showed that higher electron temper-
atures could be attained when electron energy losses
along open field lines are eliminated and that the mi-
croinstability heating processes remain effective in
going from 7,/T;<0.3 to T,/T,; = 2.

The electron heating results reported in this investi-
gation were obtained from an analysis of plasma x-ray
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emission and spatially resolved x-ray emission from
an aluminum target in the plasma. Electron tempera-
tures are determined from x-ray filter transmission
ratios and the density of heated electrons is estimated
from absolute x-ray intensities using calibrated detec-
tors. Plasma dynamics and sheath structure are de-
termined from an analysis of magnetic probe signals.
Ion heating is inferred from neutron yield measure~
ments and spectroscopic observations of impurity lines
in the plasma.

A complete description of the toroidal theta pinch is
given in Sec. II followed by a brief discussion of the
diagnostic methods in Sec. III. The results of the heat-
ing measurements for the antiparallel and parallel bias
configurations are presented in Sec. IV. In Sec. V the
results are discussed and compared with prediction of
microinstability heating theories. Conclusions and sum-
mary are given in Sec, VI.

Il. EXPERIMENTAL APPARATUS
A. Vacuum system and field coils

The toroidal theta pinch, “Thor,” consists of a fused
silica torus of 50 cm major radius and 20 cm minor
radius surrounded by a one-turn, cast aluminum field
coil (Fig. 1). Evacuation is achieved through six
equally spaced pump ports (approximately 5 cm in dia-
meter by 8 cm high) including an elongated diagnostic
port which allows better diagnostic access. Using a
turbomolecular pump, a base pressure of 5x10™® Torr
is achieved. The toroidal theta pinch coil is divided
into six separate 60° segments surrounding the torus.
Bias and preheating capacitor banks are connected to
the coils using coaxial cables. Six oil-immersed,
high-voltage pulsers are connected to the coil in paral-
lel using insulated copper strip lines. The silica torus
and coil structure are immersed in a weak aluminum
chloride water solution to grade the high electrical
stresses that appear on the edges of the conductors.

FIG. 1. Schematic of toroidal vacuum vessel and theta pinch
coil. (a) Top view; (b) cross sectional view showing diagnos-
tic ports and toroidal current transformer.
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B. Breakdown, preheating, and toroidal current generation

Breakdown and preheating of the deuterium fill gas
(1-2 mTorr) is achieved by discharging capacitors
(12 uF, 9.6 kJ) in parallel through the theta pinch
coils, and by a low-energy capacitor discharge
(0.2 pF, 15 J) into two spark plugs located at opposite
pump ports. The sparkers provide a few electrons
which initiate the pre-ionization process which is com-
pleted by the ringing preheater discharge through the
theta pinch coils. The bias bank (4800 uF, 60 kJ) is
fired first, generating a quasi-static toroidal field less
than or equal to 1 kG with variable polarity relative to
the fast rising implosion field.

Toroidal currents are induced in the preheated plas-
ma to slow the outward toroidal shift of the initial plas-
ma. This is accomplished by a capacitor discharge
(800 uF, 1.6 kJ) into an air-core inductor on the axis
of symmetry [Fig. 1(b)]. Additional toroidal currents
may be generated using the theta pinch coils as the pri-
mary of a one-turn transformer with the plasma as
secondary, and fed by a capacitor bank (15 pF, 1.7 kJ)
at one toroidal location. The peak poloidal field resuit-
ing from these plasma currents (<20 kA) is less than
or equal to 200 G at the time when the main bank is
fired.

C. High-voltage generators

Shock heating in Thor is carried out using a hexa-
gonal array of high power (< 102 W), low inductance,
synchronized pulser modules. Details of the design
and operation of these high voltage “LC” generators
have been given elsewhere.? These compact, low
inductance (< 350 nH) pulsers can produce a peak open
circuit voltage of 580 kV. In the experiments described
here the pulsers were operated at about half the peak
design voltage resulting in a peripheral poloidal vol-
tage of approximately 140 kV around the theta pinch
coil. The six pulser modules deliver a sinusoidal cur-
rent pulse to the load coil (52 nH) with a peak current of
1.5 MA rising in 1 usec which produces an 8 kG toroi-
dal magnetic field at the inner wall at the typical opera-
ting voltage. This current is crowbarred at 1.2 usec
from its initiation and then decays with an L/R time
constant of about 20 usec. The complete theta pinch
electrical circuit is shown in Fig. 2, and a summary
of the machine parameters is given in Table 1.

D. Initial plasma parameters

The initial toroidal bias field (B,,) and vertical
component of the poloidal field (B,,) were mea-
sured using a pair of multi-turn magnetic probes. The
initial density (»,,) was measured using a helium neon
interferometer and a double Langmuir probe. The spa-
tially resolved electric probe results showed an ap-
proximately Gaussian density profile centered at
R ~ 55 cm with a FWHM of about 12-15 cm. The peak
electron density inferred from interferometry was
Nye® (2—3)X10* cm™. A summary of these initial plas-
ma parameters at the time of application of the high-
voltage pulse (i.e., {=0) is given in Table II. These

2360 Phys. Fluids, Vol. 24, No. 12, December 1981

BIAS BANK

PRE -HEATER - Hk
’

R
SR

TRANSFORMER
|

é HIGH VOLTAGE PULSER

FIG. 2. Electrical schematic of complete theta pinch circuit.

values correspond to R =55 cm and approximately the
horizontal midplane.

111, DIAGNOSTICS

A. Magnetic field measurements

A set of three movable probe coils was used to map
the toroidal field along the major radius in approxi-
mately the horizontal midplane. The probes consist of

TABLE I. Toroidal theta pinch parameters.

A. Vacuum vessel:

Fused quartz

Major radius: 50 cm

Minor radius: 20 cm
B. Coil:

Cast aluminum, in six 60° segments
Total inductance 52 nH

C. Bias bank:
Field: 0—-1 kG
Capacitance: 4800 puF
Energy: 60 kJ

D. Pre-heater:

Capacitance: 12 uF

Voltage: 30 kv
Period: 17 usec, not crowbarred
Energy: 10 kJ

E. Toroidal current drivers:

(1) Capacitance: 800 uF

Inductance: 10 uH
Period: 550 pusec
(2) Capacitance: 15 pF
Inductance: 1uH
Period: 24 usec

F. High-voltage generators:

Six, 7-stage swinging LC generators
Total energy?®: 660 kd
Peak open circuit voltage* 500 kV

Peak field®: 12 kG

1/4 period: 0.9 psec
Crowbar L/R time: 20 psec
Poloidal electric field® 4 kV/cm
Total internal inductance: 58 nH

2At full désign voltage, typical operation at (1/2) maximum
design voltage.
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TABLE II. Initia]l plasma parameters.

Antiparallel bias (1) Parallel bias (t4)

Tig 2x10'" em™ 3x10' cm™
Bpq -900 G +850 G
By 100 G 200 G

two turns of No. 40 enameled wire wound on a MACOR
form of 4 mm diameter and attached to a small piece of
copper tubing. The probes are center-tapped and con-
nected to wideband (0.01-50 MHz) impedance matching
transformers in an electrically balanced configuration
to minimize electrostatic pickup. The probes are
coated with a refractory material (Sauereisen) rein-
forced with fiberglass particles to provide electrical
and thermal isolation from the plasma. The probe
signals are passively integrated and recorded on tran-
sient digitizers for subsequent analysis and display.
Due to the low frequency cutoff of the transformers, the
probes are sensitive only to the change in the toroidal
field, A B,, produced by the fast magnetic compression.
The ambient bias field, B,O(R), is added to the main
compression field, AB,(R), giving the net toroidal mag-
netic field B,(R)=B,,(R) + AB(R). The results of the
magnetic field measurements will be presented in Sec.
v.

B. lon heating measurements

Neutron yields and Doppler broadening measure-
ments of impurity spectral lines have been used as
diagnostics to determine the ion temperature. A plas-
tic scintillator-photomultiplier detector was used which
was calibrated so that the pulse area could be directly
related to neutron yields. The neutron yield N, is re-
lated to the fusion reaction rate (o0}, by Npp =3#Z
x{owpp(At)V, where n, is the deuterium ion density, af
is the duration of the neutron emission, and V is the
volume of neutron emitting plasma. The deuterium
density and emission volume are determined from
line density measurements along various chords in the
plasma using a helium-neon interferometer and line-of-
sight estimates from the magnetic field profiles. The
reaction rates (o), determined from the neutron yield
are compared to theoretical rates®? (for an assumed ion
distribution) to determine the deuterium ion tempera-
ture. Further information on ion heating was obtained
from spectroscopic observations on lines of impurity
lons.

C. Electron heating measurements

Electron heating in Thor was studied by observing the
plasma x-ray emission and x-ray emission from mov-
able targets in the plasma. The electron temperature
was derived from relative x-ray intensities®® and the
density of heated electrons was estimated from absolute
x-ray intensities. Scintillator-photomultiplier detec-
tors were used in conjunction with thin absorber foils
(beryllium or aluminum) which provided spectral sensi-
tivity. The energy received by one such scintillator
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detector, and accordingly also the photomultiplier sig-
nal, is determined by

F =C f mexp[—;il(E)dl]{l-exp[—us(E)d,]}I(E)dE, (1)

where E is the x-ray energy, i (£) is the x-ray mass
absorption coefficient of the filter, d, is the filter
thickness, u (£} is the scintillator energy absorption
coefficient, d, is the scintillator thickness, and C is
a constant depending on the geometry of the detection
system. The function I(E) is the spectral distribution
of x-ray intensity incident upon the filter.

Plasma x-ray emission, I,(E), is determined pri-
marily by the bremsstrahlung radiation and recombina-
tion radiation due to impurities, both of which have
essentially the same spectral distribution given by

IL{E)xexp(-E/RT,), (2)

where T, is the Maxwellian electron temperature. For
the plasma parameters discussed in this paper, line
radiation from partially ionized impurity species was
either unimportant or occurred near the low energy
cutoff of the filters and was therefore highly attenuated.

The spectral distribution of target bremsstrahlung
radiation from plasma electrons has been derived by
Adlam and Taylor.*®* This diagnostic technique has been
applied in a number of turbulent heating experi-
ments'®2°?7 tp determine the temperature and
density of heated electrons. The spectral distribu-
tion of the continuum target emission, I,, is given by

It(E)OC(E/kTe+2) exp(-E/kTe) (3)

for g Maxwellian electron distribution. The deduction
of this formula is based upon: (i) the formation of plas-
ma sheaths at the plasma-target boundary, and (ii) the
continuum x-ray spectrum produced when monoener-
getic electrons strike a thick target.?® By balancing the
ion and electron current to the target (the target is at
the plasma floating potential) the total energy radiated
per cm? of target surface, per second, per steradian
can be shown to be proportional to »n,7%/2,

The apparatus used for detecting the plasma and tar-

‘get x~-ray emission is shown schematically in Fig. 3.

For plasma x-ray measurements the target is removed
and beryllium filters (12.5 and 50 um) are inserted

in the detector. This system is most sensitive for soft
X rays produced by electrons with temperatures in the
range of 0.1-1.0 keV. The target x-ray measure-
ments are carried out using an aluminum target (2.5
cm diameter x 0.16 cm thick), supported by a thin (0.16
cm) stainless steel rod which is attached to the detector
assembly as shown in Fig. 4. The lead aperture limits
the field of view of the detector (two channels are used
simultaneously) to a single spot on the target. The tar-
get-detector system is placed in one of the pump ports
through a vacuum seal arrangement which allows the
entire system to be rotated to any radial position in the
horizontal midplane in order to obtain spatial resolu-
tion. Aluminum filters (25 and 250 um) are used

to estimate the electron temperature by comparing the
experimental intensity ratios to those computed by ap-
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FIG, 3. Experimental apparatus used for plasma and target
X-ray measurements.

plying Eq. (1) for different filter thicknesses. The nu-
merical calculation includes an energy dependent scin-
tillator absorption, since the (Pilot B plastic) scintilla-
tor absorption thickness is optimized to give measur-
able signals while reducing the detection sensitivity for
hard x rays and neutrons. The detectors are first cal-
ibrated relative to each other by inserting identical fil-
ters in each channel and recording photomultiplier sig-
nals from many plasma shots.

The density of heated electrons may be estimated from
the absolute x-ray intensity and the electron tempera-
ture results. The detector calibration (depending on
scintillator efficiency, fiber optic light collection effi-
ciency, and cathode quantum efficiency) was determined
using a pulsed (100 nsec) monobchromatic (Cu K,) x-ray
source at the National Bureau of Standards.? For the
case of target x-ray emission the contribution from
characteristic aluminum radiation was estimated, us-
ing measured K, yields,*® and was found to be negligible
for the electron energies encountered in this experi-
ment and for the filters used in the detection system.
We should point out that while all of the above analysis

In COLLIMATOR
/

TARGET / [~ FIBER

i OPTIC

\  —SCINTILLATOR

\\ \—FILTER

A
- STAINLESS STEEL HOLDER

F1G. 4, Details of the plasma/target x-ray detection system
(collimator~scintillator arrangement).
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has assumed a Maxwellian electron distribution, the
intensity ratios are rather insensitive to the exact de-
tails of the electron distribution. Jancarik and Snowden
have demonstrated® that even if the electron distribu-
tion varies considerably from a Maxwellian, the tem-
perature based on the procedure outlined here is a good
estimate of the average electron energy. It is also
possible, in some cases, to estimate the shape of the
electron distribution by choosing filter materials with
different absorption edges.

The most definitive measurement of the electron tem-
perature is Thomson scattering of ruby laser light.
However, the application of high voltages in this ex-
periment (less than or equal to 300 kV) imposed
severe restrictions on radial access ports due {o the
requirements of electrical insulation. (Recall that
the torus and coil are immersed in a liquid solution. )
Thus, without radial (side) access ports, 90° Thomson
scattering was prohibited.

1V. EXPERIMENTAL RESULTS
A. Magnetic field profiles
1. Antiparallel bias (1)

The toroidal magnetic field profiles for times up to 1
pysec after initiation of the main bank current are
shown in Fig. 5(a). (These profiles include the initial
bias field.) During the implosion, a magnetic piston
structure is formed which propagates toward the mag-
netic axis at an average speed of approximately 1.3
x 107 cm/sec. The piston steepens as it encounters the
bulk of the initial density distribution. After 1 usec
the implosion begins to slow down |Fig. 5(b)}, reaching
peak compression at about 1.2 usec resulting in a
compressed density of 2X10'® ¢m™ and a compressed
initial bias field of -2 kG in the center of the density
distribution.

During the implosion, the sheath width (i.e., the
width of the transition region between plasma and ex-
ternal magnetic field) corresponds to (2—-4)(c/w,,;) at
n,=5x10" cm™ (average sheath density). The mea-
sured sheath width AL is determined as the distance
between the radial positions, where the magnetic field
reaches roughly 90% of its minimum and maximum
value. This rather wide (> ¢/w,,) magnetic sheath is
an indication of microinstability enhanced resistivity
in the sheath region driven by the cross-field poloidal
currents. After the implosion has slowed down, the
resistivity can be estimated using the equation describ-
ing magnetic diffusion in a rigid conductor, i.e.,

(4)

For typical implosion values, we get #'‘ =4n(AL)?/c%t
=10712 — 10713 gec, which is about a factor of 10° times
the transverse Spitzer-Hirm resistivity. From the
magnetic field profiles and density in the sheath it is
possible to estimate the drift velocity V,=V; -V, cor-
responding to the poloidal currents using Ampere’s law
in the form

IXB={4n/c)n,V, . (5)
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FIG. 5. Toroidal magnetic field profiles for the antiparallel
bias case: (a) profiles for 0.2 psec to 1. 0 psec, (b) profiles
at 1.5, 2,0, and 2,5 usec.

The time history of this drift velocity, for the anti-
parallel case, is shown as the solid curve in Fig. 6.
This drift velocity is initially quite high (~8x 107
cm/sec) due to the high induced electric field

(=1 kV/cm) applied to the tenuous outer region of
plasma. Since this relative drift energy is available
to drive various microinstabilities, it is important to
note that for times less than about 0. 2 usec V,>v,
(electron thermal velocity), and decreases to a value
such that v,>V,>C, (C, is the sound speed). The sig-
nificance of this will be discussed later in connection
with specific instability mechanisms.

2. Parallel bias (1)

Toroidal magnetic field profiles corresponding to the
initial parallel bias configuration are shown in Fig.
7(a). Initially, a broad sheath structure is discernible
which propagates inward at an average speed of about
1.5%107 ecm/sec. A steepening of the piston is barely
observable, however, and the field diffuses rapidly into
the plasma by about 0.9 psec. The diamagnetic char-
acter of the profiles is considerably diminished at 1.0
usec, although profiles at later times [Fig. 7(b)] again
show diamagnetic behavior, probably due to a radial
oscillation of the plasma column.
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FIG. 6. Relative drift velocity, V,=Vy ~V,, as a function of
time estimated from magnetic field profiles, for antiparallel
and parallel bias cases.

The diffusive nature of the parallel bias field profiles
has previously been observed in the Maryland fast li-
near theta pinch*® and implies enhanced resistivity in
the current sheath. From the observed sheath width of
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FIG. 7. Toroidal magnetic field profiles for the parallel bias
case: (a) profiles for 0.2 psec to 1. 0 usec, (b) profiles at 1.5,
2.0, and 2.5 usec.
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9 cm at 0.5 usec [~6(c/w,;) at 5X10™ ecm™], we esti-
mate a resistivity n*'~2x1072 sec and a poloidal cur-
rent density of 8 x10' SA/cm?. The corresponding
drift velocities V,~J/ne, for this parallel mode, are
shown as the dashed curve in Fig. 6. As in the pre-
vious case, the drift velocity is estimated from the
field profiles and sheath densities obtained from laser
interferometry. The relatively low drift velocities ob-
served with parallel bias fields have important conse-
quences in connection with possible microinstabilities
in the sheath region.

B. lon heating

An important question addressed by toroidal theta
pinch experiments is whether the various ion heating
and thermalization mechanisms based on microinsta-
bilities remain as effective when the electron energy is
confined. As a first approximation, we can obtain
some knowledge of the ion heating from the speed of
the magnetic piston. Ions which are carried along with
the magnetic piston will have an energy of E; =45m;v3,
where v, is the magnetic piston speed. A fraction of
the ions may be reflected at twice the piston speed by
the electrostatic potential associated with the magnetic
sheath. This directed ion energy may eventually ther-
malize as the piston converges to the axis, either by
repeated bouncing or by some collisionless mechanism?
leading to an ion temperature given by '

sm i <kT,<3m,(20,). (6)

For deuterium ions moving at an average piston speed
v,=1.4x107 cm/sec, we obtain an ion temperature
given by 200 eV < kT, <800 eV, which holds for the an-
tiparallel bias case and for the early implosion phase
(¢<0.8 usec) of the parallel bias case. Previous re-
sults on the linear theta pinch'® and numerical modeling
indicate fewer reflected ions in the parallel bias mode
and less thermalization of piston ions. This estimate,
obviously, does not include any additional ion heating
that may take place.

Ion temperatures were also estimated from the ob-
served neutron yields. Typical scintillator-photo-
multiplier signals of neutron emission for the anti-
parallel and parallel bias cases are shown in Fig. 8.
In both cases, the neutrons are emitted in several
bursts lasting about 100 nsec. For convenience of
measurement, these time-resolved neutron bursts are
passively integrated (RC = 50 nsec) and from the pulse
areas we obtain N(++)=1. 2x10° neutrons per shot for
the antiparallel case and N{(++)=3. 6X10* neutrons per
shot for the parallel case. The neutron yields were
calculated assuming an emitting volume given by
V=(2nR,)(nr?), with R;=56 cm and ¥=6 cm for the
antiparallel case and R,=56 cm and *="17.5 cm for the
parallel case. The emission times were taken as 0.4
and 0.25 usec for the antiparallel and parallel
cases, respectively. These neutron yields correspond
to a mean ion energy of 3 keV (4+) and 2 keV (t4) at
n,,=2%10'" cm™ assuming a one-dimensional mono-~
energetic ion distribution. For a fully three-dimen-~
sional Maxwellian ion distribution at the same density,
we would obtain 2 keV (4+) and 1 keV (¢%), respec-
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tively. The assumption of a monoenergetic distribution
may be realistic due to the directed nature of the ion
energy during the early implosion. However, as noted
earlier, this directed energy may eventually thermalize
leading to a more isotropic distribution of ion energies.
The ion energies derived from neutron yields are lar-
ger than the kinetic energies of ions that would be elasti-
cally reflected from the imploding piston (approximate-
ly 0.8 keV), probably indicating additional energization
due to microinstabilities in the piston region, as ob-
served in the University of Maryland small theta pinch.*

Further information concerning ion heating was ob-
tained by spectroscopic observations on lines of im-
purity ions. The deuterium is very rapidly ionized in
the compressed plasma, and thus its lines only origi-
nate from the cooler regions outside the plasma core.
Carbon is a naturally occurring impurity, and the CiII
line at 2297 & and the CV lines near 2270 A were studied
in order to probe in the hot region of the plasma. An
optical multichannel analyzer device was used that en-
abled complete spectra of these lines to be obtained at
several spatial positions simultaneously. The optical
setup is shown in Fig. 9. The size of the image in the
plasma, determined by the size of the optical multi-
channel analyzer detector and the spectrometer slit
width, was 8 cm by 0.01 cm. The long dimension was
aligned along a major radius of the torus. The 8 cm
long image could be divided up into smaller images and
the spectrum from each measured separately using the
two-dimensional mode of the optical multichannel anal-
yzer. The reciprocal dispersion of the spectrometer

MIRROR SPECTROMETER

0 [

LENS

TORUS

FIG. 9. Optical multichannel analyzer optical setup.
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used was 6.9 A/mm yielding a resolution of 0.17 &/
channel. For all of the data given below the optical
multichannel analyzer was pulsed on for 250 nsec, so
the spectra are integrated over that time period. The
times given with the data are delays between the start
of the main bank and the beginning of the 250 nsec
period. The Stark broadening of the carbon lines is
negligible for our conditions, so the line shape is en-
tirely due to the Doppler effects corresponding to the
velocity distribution of the ions and due to the instru-
mental broadening.

On some of the shots a magnetic probe was present
which projects to, or near to, the center of the plas-
ma., The presence of the probe had a substantial effect
on the spectra obtained. This effect is described and
explained below.

The spectra obtained in the antiparallel bias case
indicate a relatively hot plasma as CV lines are
present. Spectra at 1.1 usec at three spatial positions
are shown in Fig. 10. These data were taken with the
magnetic probe inserted. The C I line at 2297 A shows
a complex shape on all three spectra indicating a
directed velocity of the ions as well as thermal broad-
ening.

The CV lines appear nearly Gaussian at R =59. 6 and
R =58.0, but at R =56.4 each of them is split into two
distinct components with a separation of 2.7 A, corre-
sponding to a velocity of 3.6x10” cm/sec. The split
between the CIIl components at R =56.4 is 2.4 A. For
those shots with the magnetic probe inserted, a clear
splitting of these lines into two components was ob-
served on about 25% of the shots, and about 50% of
the shots showed asymmetric lines or lines with
non-Gaussian shapes indicating a nonresolved splitting
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FIG. 10 Spectraof Cvand CII lines at three radial positions.
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of the two lines. In order to arrive at a temperature
from the shape of these lines, only those spectra were
used that showed a good fit to a Gaussian or to a sum of
two Gaussians. No split or asymmetric lines were
seen with the magnetic probe out of the plasma.

The ion temperatures obtained from the width of the
Cnat lines are shown in Fig. 11. The temperatures
measured without the probe present were considerably
lower than those with it. A possible explanation of this
is that the probe is a source of carbon at the center of
the plasma. Carbon knocked off the walls of the vacuum
vessel by the plasma may not have time to diffuse into
the center of the plasma. Thus, without the probe the
carbon ions may only be present in the cool periphery
of the plasma, while with the probe inserted, carbon is
present in the hot central plasma. This is supported
by the fact that the Cv lines without the probe were
much weaker than with the probe, while the CIlI lines
were approximately the same intensity in both cases.

For those lines that showed a clear splitting, a plot of
the separation of the components vs their average tem-
perature is shown in Fig. 12 for data from CIII and CV.
There appears to be a correlation between the two
quantities, higher temperatures occurring on those
shots that show a greater splitting.

In the parallel bias case CIIl was observed, but Cv
was absent, indicating a lower electron temperature
than in the antiparallel case. The CIiI line was never
observed to split into two components as was some-
times observed in the antiparallel case. However, the
Cm line was very broad in those shots in which the
magnetic probe was present, and we believe this was
due to an unresolved splitting of the line. Figure 13
shows the ion temperature vs time at several spatial
positions for shots without the magnetic probe. It is
seen that the temperature rises more rapidly than in
the antiparallel case but decreases rapidly at about 1
#sec, while in the antiparallel case the temperature is
still increasing at that time.

The temperature of the deuterium ions is not neces-
sarily equal to the temperature of the carbon ions since
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FIG. 11. Carbon ion temperatures with antiparallel bias field
vs time, with and without magnetic probe present.
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FIG. 12. Separation of Doppler split components of carbon
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the heating mechanism for the ions may be charge and/
or mass dependent. However, Coulomb collisions are
effective in equalizing their temperatures. For ex-
ample, for a CV temperature of 500 eV, a deuterium
ion temperature of 50 eV, and a deuteriuum density of
2X10'® em™, the thermal equilibration time would be
approximately 0. 24 usec. One mechanism for ion
heating is the reflection of the ions off the magnetic
piston formed during the implosion as has been ob-
served spectroscopically in linear theta pinches, 335
This could explain the large shifts seen in the carbon
lines. If the ions, including the deuterium, are heated
primarily by this mechanism, then they would all be
accelerated to approximately the same velocity, and
the kinetic energy of the different species of ions would
be proportional to their mass. Thus, the deuterium
ions would have one sixth the energy of the carbon ions
or about 60 eV. However, the deuterium temperature
deduced from the neutron measurements given here
gave a much higher temperature than this. It is possi-
ble that the observed neutrons are due to a high energy
ion distribution, whereas the spectroscopic measure-
ments are more indicative of the bulk ions. Such two-
temperature ion distributions have been observed in
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FIG. 13. Carbon ion temperatures with parallel bias field
versus time without magnetic probe.
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other high-voltage theta pinch devices.!®-*® The fact
that the large shifts in the carbon lines did not occur
on every shot argues against the simple explanation due
to reflection off the piston. Also, the large shifts were
seen on a few shots at times of 1.4 psec and later after
the implosion was over. A possible explanation for the
Doppler shifts is a magnetohydrodynamic instability
causing rapid plasma motion. The instability could be
sensitive to small changes in the initial conditions or in
the compression so that it occurs only infrequently.
From Fig. 10 it can be seen that the disturbance in the
plasma can be highly localized since there is strong
mass motion at R =56. 4 and none observable at the
other positions for the CV lines. The CIII lines show a
complex structure at all three spatial positions. The
C1II and CV lines probably originate in different re-
gions with the C'V present in the hot core of the plasma
and the CIII lines at larger radius. Thus, a localized
instability could affect the C11I and the Cv lines diffe-
rently. The velocity of the spectroscopically observed
mass motion is comparable to the characteristic velo-
cities of the plasma. The sound speed at T,= 200 eV

is 1.0x 10" cm/sec, and the Alfvén velocity at a deu-
terium density of 10'5 em™ and B =3000 G is 1.5X 107
cm/sec.

C. Electron heating

Plasma and target x-ray emission measurements were
used to study the electron heating in both the antiparal-
lel and parallel bias cases. Therefore, direct com-
parisons of the heating results can be made. The tar-
get x-ray diagnostic is most sensitive to electrons with
mean energies in the range from 7-11 keV, while the
plasma x-ray diagnostic has operated with peak sensi-
tivity in the range from 0.9-1.5 keV. Thus, it was
possible under the experimental conditions to resolve
a hot (nonthermal) and the bulk {thermal) electron
component.

1. Antiparallel bias

Radial profiles (in the horizontal midplane) of the
target x-ray intensity attenuated by a 25 um Al filter
are shown in Fig. 14 for various times after initiation
of the coil current. During the implosion [Fig. 14(a)],
we observe a broad intensity peak propagating inward
with an instantaneous position that corresponds approx-
imately to the position of the current sheath. This in-
tensity peak, corresponding to the inside magnetic
sheath, coalesces with the (outside) intensity peak at
R=62 cm by 0.8 usec and forms a stationary structure
at R=58-60 cm. For times greater than 1.0 usec
[Fig. 14(b)], a stationary double peak structure is evi-
dent which roughly coincides with the position of the
current sheath. Peak target x-ray intensity occurs at
about 1.2 usec. Subsequently, the plasma expands
slightly and the x-ray intensity decreases, dropping
to about 10% of the peak by 3 usec.

The electron temperature corresponding to the tar-
get x-ray emission was obtained from intensity ratios
through 25 and 250 um Al filters. The target x-
ray temperatures averaged over the outside sheath pos-
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FIG. 14. Radial profiles of antiparallel bias target x-ray in-
tensity through 25 p Al filters: (a) £=0.3-1.0 usec; (b) t=
1.1-2.7 psec.

itions (R =60-64 cm) are plotted in Fig. 15 (solid line)
as a function of time. The measured temperatures are
in the range from 2-7 keV. The density of electrons at
the measured temperature was estimated from the ab-
solute target x-ray intensity and is shown as the dashed
line. Evidently, these hot electron temperatures (de-
noted by T,,) correspond to a small fraction (< 1%) of
the bulk electron density (n,~10'® cm™).

Beryllium filters (12.5 and 50 um) were inserted
intothe detection system and the target was removed in
an attempt to observe the bremsstrahlung x-ray emis-
sion from the bulk electrons. Estimates of the contri-
bution from the hot electrons indicated that it would be
possible to resolve the emission from the bulk com-
ponent. Profiles of the soft x-ray emission as a func-
tion of viewing direction show a dynamic structure which
is consistent with the emission expected from an im-
ploding plasma column. For 1.0<¢<1.5 usec, a well
localized emission is observed indicating a hot plasma
occupying the outer half of the torus. This is in agree-
ment with the plasma dynamics as inferred from the
magnetic field profiles.

Electron temperatures derived from intensity ratios
of soft x-ray emission are shown in Fig. 16 for viewing
directions of 0°, 20°, and 40° (6§ =0: radially out, 6=
180: radially in). The typical standard deviation from
shot-to-shot was 25 eV with a maximum standard de-
viation of 70 eV. The measured temperatures are in
the range of 150-300 eV. The absolute intensity of the
soft x-ray emission is consistent with calculations of
bremsstrahlung and recombination radiation on 2%
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FIG. 15. Electron temperature and density derived from tar-

get x-ray measurements averaged over outside sheath posi-
tions (R=60~64 cm) for antiparallel bias condition.

oxygen impurities at the measured electron density
(#2X10' cm™), Thus, we conclude that the soft x-ray
derived temperatures do indeed reflect the bulk elec-
tron population. At the earliest times during the im-
plosion (#<0.2 usec), the density is low and the plas-
ma x-ray emission is probably dominated by the hot
electrondistribution. By 0.5 usecthe plasma emission is
clearly due tothe bulk electrons and the temperature in-
creases uptoabout 1,5 usec. The time history of the bulk
electrontemperature is probably determined by several
factors including the observation geometry and the increas-
ing influx of relatively cold electrons as ionization be-
comes complete. For the purposes of comparison, the
bulk electron pressure n,T,(6=0°) and hot electron
pressure n,,T,, (averaged over outside sheath positions)
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FIG. 16. Electron temperature derived from soft x-ray in-
tensity ratios for viewing angles of 0°, 20°, and 40° for anti-
parallel bias case.
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are shown in Fig. 17. The bulk electron pressure is
computed using the electron density (estimated from
laser interferometry) appropriate for the magnetic
sheath region. During the early implosion phase
(¢<0.5 usec) most of the energy density resides in the
hot component, but for = 0.5 usec the bulk distribu-
tion dominates the electron energy content.

2. Parallel bias

Target x-ray emission was observed in the parallel
bias case but with intensities which were about 10 times
smaller than in the previous antiparallel case. A radial
target scan indicated that significant x-ray emission
occurs only in the range R = 50-54 cm, which roughly
coincides with the position of the broad inside current
sheath The target x-ray intensity corresponding to
the outside current sheath was almost a factor of 10
smaller than the intensity in the range R = 50-54 cm.
This may be related to the observation that the electron
density is a maximum in the outer sheath region.

The (target x-ray deduced) electron temperature
averaged over the positions of peak intensity (R = 50~54
cm) is shown in Fig. 18. The rather large error
bars are indicative of the poor shot-to-shot reproduci-
bility of the x-ray emission in the parallel bias case.
The temperature rises to about 3 keV by 0.8 usec and
rapidly decreases with the decay of the diamagnetic
currents in the plasma as seen from the magnetic field
profiles. The electron densities corresponding to the
measured temperatures are also shown in Fig. 18.

The peak density (7% 10" em ™) represents about 3% of
the bulk electrons. During the first microsecond, the
hot electron energy density is about an order of mag-
nitude less than the energy density observed in the anti-
parallel case.
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FIG. 17. Hot and bulk electron energy densities (eV/cm?
for antiparallel bias case.
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FIG. 18. Electron temperature and density, derived from

target x-ray emission, averaged over positions of peak in-
tensity (R= 50—54 cm) for parallel bias condition.

Observations of relatively weak, soft x-ray plasma
emission indicate that the bulk electron temperature in
the parallel case is less than 100 eV. This is consis-
tent with the spectroscopic observations of impurity
carbon ions.

The effects of the magnetic probe on the impurity
spectral line intensities has already been discussed.
We have also attempted to determine what effects, if
any, the x-ray target produced. In this regard the
following observations were made. First, the neutron
yields were unaffected either by the presence of the x-
ray target or magnetic probe or both. Second, the x-
ray target had no effect on the spectral line profiles.
Third, the soft x-ray emission was unaffected by the mag-
netic probe. These observations are probably connec-
ted with the fact that the x-ray target was 180° away
(in the toroidal sense) from the location of the spectro-
scopic measurements and 120° from the magnetic
probe. In contrast the magnetic probe measurements
and spectroscopy were performed in adjacent ports
(60° apart). The substantial effect of the magnetic
probe on the spectroscopic observations is probably
related to the close proximity of the measurements.

V. DISCUSSION

In the antiparallel case the target and plasma x-ray
measurements indicate a two-temperature electron
distribution with a hot electron tail at T, =3-17 keV,
which is a small fraction (~0.5%) of the bulk distri-
bution that is characterized by T,=200 eV. We point
out that electrons on the tail of a thermal distribution
could not be responsible for producing the target x rays
since their proportion for T,=200 eV would be less than
1075,

The hot-electron component is probably due to acce-
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leration of electrons in the poloidal electric field near
the field reversal region. A quasi-linear treatment®’
of the response of a one-dimensional plasma to an ap-
plied electric field E, showed that the electrons are
accelerated to approximately one-half of the free-
streaming value, i.e., 4,(¢)=¢eE,,/2m. Using a simple
model of the measured toroidal field profiles and inte-
grating Maxwell’s curl E equation, we estimate that
E,~3.8 SV/em(1.1 kV/cm). Electron acceleration in
this field would result in an electron energy of 7.5 keV
in 5 nsec. Early in the implosion when the driving vol-
tage is highest and the peripheral density low, this
mechanism would be most efficient in accelerating elec-
trons. Continued electron acceleration in the implod-
ing neutral layer may continually drive superthermal
tails by quasi-linear plateau formation which occurs

on the time scale of w,; (Ref. 38) Recent theoretical
work has indicated that superthermal electron tails
may be produced by strong turbulence stabilization of
beam-plasma instabilities.3® This nonlinear stabili-
zation process transfers fluctuating field energy from
wavelengths resonant with the beam to shorter wave-
lengths which can interact with background electrons to
form superthermal tails. Similar parameteric insta-
bility processes have been proposed to explain high-en-
ergy electron tails observed in laser-plasma interac-
tions. °

The bulk electron heating in the antiparallel case can
be discussed within the context of the various cross-
field current driven microinstabilities responsible for
the observed heating in comparable linear experiments.
A consideration of the growth conditions of the various
microinstabilities and the relative magnitude of the
drift velocity as compared with the relevant plasma
parameters indicates that the ion-acoustic and lower
hybrid drift instabilities are most likely responsible
for the observed bulk electron heating. The ion-acous-
tic instability is important when the relative drift speed
exceeds the acoustic velocity C, and T, > T;. Since
v, >C,, and assuming T, > T, in the sheath region, we
expect the jon acoustic instability to be operative in our
experimental regime. The lower hybrid drift instability
is driven by cross-field currents in the presence of
gradients in density, temperature, and magnetic field.
This instability differs from the ion acoustic instability
in that it can grow in regions where 7;<7,. We have
estimated the growth rates and electron heating levels
(eV/cm®) based on these instabilities using values of
plasma parameters appropriate to the current sheath
region. The fluctuation levels for these instabilities
were taken from the results of computer simulation
studies. Over a fairly wide parameter range both the
ion-acoustic and lower-hybrid-drift instabilities can
grow to sufficient levels on the experimental time scale.
The calculated electron heating rates and anomalous
‘resistivities are in good agreement with the electron
heating measurements and the magnetic field profiles.

To directly observe the effects of the microturbu-
lence, measurements were made of the spectrum of far
infrared emission near the electron plasma frequency
and its first harmonic. ** A nonthermal spectrum was
observed covering a wavelength range from approxi-
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mately 0.63-0.28 mm with a peak intensity that
is at least two or three orders of magnitude greater
than that expected from a thermal plasma.

In the parallel bias case, a high-energy electron dis~
tribution was observed in the range from 1-3 keV with
the highest electron energies corresponding to 1-4% of
the bulk distribution. This hot electron component
has not been observed in similar linear theta pinch ex-
periments operating with parallel bias fields. Ap-
parently, the elimination of end losses allows higher
electron temperatures than have otherwise been possi-
ble. With parallel bias fields we do not expect electron
acceleration in the current sheaths as in the antiparal-
lel case where a neutral layer exists. The electrons
are essentially magnetized everywhere, which should
result in an E XB drift inward in response to the driv-
ing field.

We might expect that the enhanced level of electro-
static fluctuations in the plasma would lead to rapid
cross-field diffusion. The time scale for diffusion of
hot electrons out of the current sheath may be esti-
mated by computing an across field diffusion coeffi-
cient D, based on an effective collision frequency v,,,
derived from microinstability theory, i.e.,

DL: ue“Teh/mewie’ - (7)

where T,, is the hot electron temperature and w,, is the
electron cyclotron frequency.* Since in the antiparallel
bias case the electrons may diffuse into a region of
relatively weak magnetic field, we find that D, (V)
=10°D,(#4). The diffusion time scale, At can be esti-
mated from

At=(ax)f/2D,, (8)

when (Ax) is taken as the characteristic sheath width,
resulting in A#(4+)=0.1 psec and A#{(#4)~50 usec. This
simple estimate indicates that the diffusion of hot elec-
trons in the antiparallel case occurs on a relatively
short time scale. The hot electrons may diffuse out of
the current sheath and into the central core of plasma
where some of the nonthermal energy may be conver-
ted to bulk electron energy. In the parallel bias case
this diffusion process would not be observed on the ex-
perimental time scale.

The ion-heating results presented here are comparable
to the results of similar linear theta pinch experiments.
In the antiparallel case the bulk ion temperature is
T;~100-400 eV from spectroscopy, while neutron emis-
sion measurements gave T,,=~2-3 keV. In the parallel
case T;~50-150 eV and T;,~1-2 keV. In both cases the
neutrons are emitted during the first 0.5 psec, where-
as the bulk ion temperature peaks at about 1 usec. The
neutron derived temperature (7,,) is probably more in-
dicative of ions which have acquired large directed
velocities in the early implosion phase. These ions
may eventually thermalize with background ions lead-
ing to 2 somewhat lower bulk temperature and a de-
crease in the neutron emission. A more definitive
interpretation of the ion heating would require spatially
resolved measurements, although these results are
qualitatively similar to the results of the linear case.
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In contrast the electron heating measurements now
indicate T,=T7;, whereas in open ended systems 7,/ T;
<1. In particular linear theta pinches are character-
ized by a core of hot ions and relatively cold elec-
trons (7T, > 7,) surrounded by a hot electron sheath, %
The average temperature of these hot electrons which
are associated with the current sheath is usually less
than the bulk ion temperature. In the toroidal case the
temperature of the hot sheath electrons (7T,,) is greater
than or comparable to the bulk ion temperature and
these hot electrons persist even beyond the implosion
phase. In the parallel bias case a population of hot
electrons was observed although no significant bulk
electron heating was observed. In the Maryland fast
linear theta pinch, x-ray emission corresponding to
energetic electrons was only observed in the field null
region in the antiparallel case. We also note that the
results of the toroidal theta pinch are consistent with
electron and ion heating in a high-voltage belt pinch.**

The comparison of the linear and toroidal theta pinch
experiments is complicated by the fact that the toroidal
field has an intrinsic 1/R radial dependence and a small
poloidal field is present to prevent the outward drift
of the initial plasma. The 1/R dependence of the toroi-
dal field leads to an asymmetric implosion due to the
different values of the applied magnetic field at the
inner and outer edge of the torus. Although an asym-
metric implosion may affect the radial dependence of
the plasma parameters, we believe that the comparison
of the relative average ion and electron temperatures
in the linear and toroidal cases to be valid.

The effect of the poloidal field due to the induced
toroidal current is to introduce a relatively weak mag-
netic shear. The influence of magnetic shear on the
microinstability properties of the magnetic sheath re-
gion has been investigated analytically*® and numer-
ically.*%:%" Magnetic shear was shown to stabilize the
lower hybrid drift instability when the length scale
characterizing the magnetic shear is L <L, (a;,/L,+ L,/
a;), where L, =d(lnn)/dx is the density gradient scale
lengthanda, istheiongyroradius. Fortypicalparameters
of our experiment we expect L,> L, due to the relatively
small value of the poloidal field. However, in the anti-
parallel case the effect of the poloidal field in the vi-
cinity of the field null may be important. In this region,
however, the relative drift velocity v, is high and we
expect T,>T,, so that the dominant microinstability
process is probably the ion-acoustic instability.

In other experiments where the lower hybrid drift
instability is expected to be important, the stabilizing
effects of magnetic shear have not been observed. In
Tormac V anomalous penetration of the applied toroidal
field is observed in a plasma with an initial parallel
bias toroidal field and strong shear.*® In computer
simulations of the University of Maryland paramag-
netic spheromak experiment large resistivity and ano-
malous ion heating rates are observed in a high den-
gity pinch possessing strong magnetic shear.*® A de-
tailed study of the macroscopic behavior of the toroidal
pinch including the evolution of the poloidal flux sur-
faces has been the subject of a separate investigation.®°
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Vi. SUMMARY AND CONCLUSIONS

Rapid heating of electrons and ions has been ob-
served in a high-voltage toroidal theta pinch with
bias fields either parallel or antiparallel to the fast
rising toroidal field. In both cases superthermal elec-
tron populations were observed corresponding to a
small fraction of the total number of thermal electrons,
but with the same energy density as the bulk electrons.
Effective bulk heating was observed with antiparallel
bias fields with heating rates in good agreement with
microinstability predictions. The effects of the micro-
turbulence were also observed as an enhanced brem -
sstrahlung emission near w,,. The hot electron distri-
bution observed in the antiparallel case is related to the
presence of a neutral layer in which electron accelera-
tion and beam relaxation lead to superthermal tails.
The high energy electrons observed with parallel bias
fields are presumably due to a stochastic acceleration
mechanism, since free streaming is prohibited by the
magnetic field. Rapid cross-field diffusion of the hot
electrons out of the current sheath appears as a signifi-
cant transport mechanism in the antiparallel case.
However, rapid diffusion of the magnetic field in the
parallel case prohibits diffusion of hot electrons on the
experimental timescale.

In contrast to the results of linear theta pinch experi-
ments the elimination of electron energy losses along
open field lines has permitted higher electron
temperatures and now T,~7;. The ion heating is
about the same and we can conclude that the microin-
stability processes® remain effective in an experiment
where rapid end losses are eliminated. More effective
electron and ion heating was observed with antiparallel
bias field which are similar to observations on the
Maryland fast theta pinch.? Finally, on some shots
rapid plasma motion has been observed, probably due
to a localized magnetohydrodynamic instability.
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