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Experiments to form, compress, and accelerate com-
pact toroids are described. A I-m-diam, two-stage, puffed
gas, magnetic field embedded coaxial plasma gun is
used. Emphasis is on conical compression. Discharges
were in the several mega-ampere, few microsecond rise
time range. Magnetic probe data suggest that 1/(r- or)
compression of the toroid field is achieved, consistent
with theoretical prediction. The magnetic field pulse
and electron density pulse due to the compact toroid
correlate in space and time. The compact toroid spe-
cies is the injected gas species and precedes electrode
plasma by several microseconds. The poloidal magnetic
Jield precedes the azimuthal magnetic field. The time
of arrival of the axial magnetic field compared with the
axial position is consistent with the mean current axial
position trajectory obtained from inductance growth.

INTRODUCTION

The Phillips Laboratory magnetically accelerated
ring to achieve ultrahigh directed energy and radiation
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(MARAUDER) compact toroid program is studying
the formation, compression, and acceleration of com-
pact toroids. This effort was inspired by the Lawrence
Livermore National Laboratory RACE compact toroid
acceleration effort.! Compact toroids are magnetized
toroidal plasmas with linked poloidal (axial-radial) and
toroidal (azimuthal) closed magnetic field surfaces. The
magnetic field distribution is nearly force free, and in
a relaxed compact toroid, the free energy is minimum
for a given helicity, a conserved quantity.

The helicity is K = [ A X Bd (volume), where B =
V X A. The helicity is approximately a product of
the poloidal and toroidal magnetic flux. This is a mea-
sure of the linkage of the poloidal and toroidal mag-
netic flux. The relaxed state is referred to as the
Woltjer-Taylor state, or the Taylor state. The Taylor
state magnetic field distribution depends on the con-
fining electrode geometry, called the flux conserver
geometry.?

The compact toroid is resilient and has considerable
stability under acceleration and compression by mag-
netic pressure, provided the accelerating field is less
than the compact toroid magnetic field. The ability to
accelerate and compress compact toroids without fluid
instability growth may have important applications to

fusion, including magnetized target fusion® and inertial

confinement fusion. This stability under compression
and acceleration enables much longer compression/
acceleration times and distances than in ordinary Z
pinches, the latter being limited by instability growth
to ~0.1 ps and a few centimetres* versus many micro-
seconds and metres for compact toroids. Thus, much
easier, less expensive pulse power may be used with com-
pact toroids, enabling less expensive scaling to higher
energy.
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RESULTS AND DISCUSSION

We are forming and accelerating compact toroids
with a two-stage coaxial plasma gun. The first-stage dis-
charge into a magnetic field embedded gas puff forms
the compact toroid. The second-stage discharge com-
presses and accelerates it. The formation occurs when
the magnetized toroidal plasma bubble pushed into the
expansion region by the first-stage discharge undergoes
reconnection of the poloidal ficld (PF) lines in its neck.
When energetically favorable, such reconnection occurs
when the diffusion time across the PF (reversal) scale
length becomes approximately as short as the Alfvén
time for that scale length. The duration of this recon-
nection process is roughly the geometric mean of the
Alfvén transit time and the diffusion time for the field
reversal layer. :

The Phillips Laboratory full-energy (9-MJ) design
concept, intended to be driven by the Shiva Star capac-
itor bank® (1300 uf, 120 kV) is illustrated in Fig. 1.
Compression of the formed compact toroid in the early
stages of the acceleration increases the compact toroid
fields to enable stronger acceleration fields, while re-
taining stability and avoiding blowby of the accelerat-
ing fields past the toroid.

To the extent that the compact toroid poloidal and
toroidal magnectic field fluxes are conserved, and to the
extent that compact toroid compression is self-similar,
the compressed toroid field should scale as Byrg/r?,
where By is the initial toroid field (~0.5 T) and ry is the

B, ~ 1/R?

. Bosion ~ 1/R
C. =110 uF
112 CV, 2 = 500 kJ
C, = 1300 uF
12CV,2 =9 MJ

R~15¢cm
B~5-101
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initial toroid major radius (~50 cm). For. full energy
(9-MJ acceleration/compression capacitor bank en-
ergy), we intend a factor 10 to 20 compression. For this
compression range, the expected toroid fields are 50 to
200 T, or 0.5 to 2 MG. '

Thus far, we have formed 1-m major diameter,
18-cm minor diameter, I-to 2-mg compact toroids with
argon, N,, and H,. We have performed low-energy (a
few hundred kilojoules) acceleration experiments in
straight coaxial geometry,® and we have done megajoule-
range, factor 3 compression experiments.

In that first-stage portion, we inject gas with an ar-
ray of 60 fast (pulsed-solenoid) valves. Transient gas
distributions have been measured in situ with Penning
ionization gauges and piczoelectric pressure probes.
More detailed auxiliary experiments with single valves
include careful mass injection measurements with a
theta discharge closure of a copper injection tube.” Gas
distributions are also calculated by using two-dimen-
sional hydrodynamics. In this first-stage portion of the
gun, we inject 0.1 to 0.2 T of radial-axial magnetic field
by using a pair of pulsed solenoids. The solenoids are
driven by a 15-mF, 1.7-kV, 10-ms rise time discharge.
Field distributions are measured with Hall probes and
calculated with two-dimensional magnetohydrodynamics
(MHD), including diffusion effects.

The prototoroid formed and trapped in the expan-
sion region relaxes toward the Woltjer-Taylor minimum
free-encrgy state, with the closest approach ~15 us after
the start of formation (first-stage) discharge.® The toroid
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Fig. 1. Full-energy design concept for compact toroid formation, compression, and acceleration using a two-stage coaxial

plasma gun.
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can be accelerated intact with the few mega-amperes,
~5-ps rise time acceleration/compression discharge
starting ~7 ps after the start of formation discharge.®

The charging and triggering for Shiva Star has been
made adjustable so that 3, 6, 12, or all 36 of its fast ca-
pacitor bank modules can be used. We have conducted
compact toroid conical compression experiments using
6 modules (220 uf) and using 12 modules (440 pf) to
drive the acceleration/compression discharge.

Our initially installed conical compression elec-
trodes have an axial offset. That is, the inward turn of
the inner electrode is downstream of the inward turn
of the outer electrode. This is to avoid two-dimensional
MHD-predicted blowby of the second-stage discharge
piston magnetic field past the compact toroid. While
this works, it prevents us from having a continuously
self-similar compression geometry. By continuously
self-similar, we mean a constant ratio of conical elec-
trode gap to mean radius. A superior design employs
compound corners and enables avoidance of blowby
while retaining self-similar compression geometry, ac-
cording to two-dimensional MHD predictions.

For the initially installed design, the predicted scal-
ing for a compact toroid magnetic field compression
is «<(r-6r)~'. A comparison of simple theory, two-
dimensional MHD prediction, and experimental results
of B versus r is shown in Fig. 2 for 220-uf, 60-nH,
75-kV driven compression. For higher energy (440-uf,
60-nH, 60-kV) driven compression, the peak com-
pressed B. observed is ~4 T.

The correlation in space and time of the axial mag-
netic field pulse associated with the compact toroid and
the initial sharp electron density peak suggests that this
peak is due to the compact toroid. This is illustrated in
Fig. 3. The electron density data are obtained by HeNe
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Fig. 2. Poloidal field compression data compared with sim-
ple theory and two-dimensional MHD calculations
(MACH2) for 220-uF, 70-kV, second-stage discharge.
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laser interferometry. This density peak is considerably
larger in conical compression experiments than in-lower
energy straight coaxial geometry experiments, as ex-
pected. We do not yet have data at enough different po-
sitions to confirm 1/r* scaling of the density (or, 1/
[(r-6r)r] for our current geometry), but the data we
have are promising.

The large-density pulse following the initial density
spike is believed to be due to electrode plasma-based
partly on time and space-resolved optical spectroscopy
and partly on the fact that various measures of the in-
ertial mass (1 to 2 mg) approximately agree with exper-
imental and two-dimensional MHD information on
injected mass (~2 mg) and efficiency of incorporating
injected mass into the toroid (~70%). The large, late
density apparently has little velocity and does not ap-
pear to be dynamically coupled to the toroid.

Time and space-resolved optical spectroscopy was
obtained by using an optical multichannel analyzer
(OMA), fiber-optic lines, and collimation/collection
optics. Axially, time-resolved OMA data for a nitro-
gen compact toroid experiment is shown in Fig. 4. It
is evident that the injected species (nitrogen) precedes
the contaminant species (carbon, silicon) by several mi-

- croseconds. The spectroscopy evidence for nitrogen is

time and space correlated with magnetic probe and in-
terferometer evidence for the compact toroid. Chordal
view optical spectroscopy indicates that the contami-
nant plasma is concentrated near the electrodes.® The
silicon is believed to be attributable to the glass enve-
lopes protecting the magnetic probes.

In Fig. 5, we show acceleration/compression cur-
rent [ and axial position Z of the current versus time
t for a higher energy, 440-uf, 60-nH, 60-kV, 800-kJ
second-stage discharge with factor 3 conical compres-
sion geometry. The injected mass was 1.5 to 2 mg of
nitrogen. The injected field was ~0.2 T, with a radial-
to-axial ratio of ~2 to 1. The formation discharge pa-
rameters were 110 uf, ~30 nH, 70kV, and ~2 MA with
an ~3-us rise time. Here, V is the voltage at the capac-
itive divider voltage probe position, i.e., outside the
vacuum-solid insulator interface. The nominal second-
stage discharge resistance is 3.3 m{, and L is obtained
from I, V by using

Lz;f(V—IR)dI.

“To obtain good agreement between experiment zero-
dimensional calculations at this operating energy, one -
must consider the motion of the second-stage discharge
return current path. This return current path position
starts near the second-stage discharge annular feed slot.
Data from magnetic probes located between the gas in-
jection and second-stage discharge feed slot locations
indicate that this current return path moves almost half-
way to the lower gun baffles. This current return path
motion starts ~3 us into the second-stage discharge.
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Fig. 3. Poloidal magnetic field, radially averaged clectron density compared with time in conical compression cone.

‘The motion lasts ~2.5 us. The inductance growth as-
sociated with this motion is ~5 nH.

The times of arrival of the B-0 (azimuthal magnetic
field) signal peaks correspond well to the mean current
position obtained from inductance growth obtained
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Fig. 4. Optical spectra for nitrogen compact toroid
species.
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from the current and voltage data. The zero-dimensional
prediction of compact toroid mass centroid motion cor-
respond well with the times of arrival of the B_ (axial
magnetic field) signal peaks. This correspondence is op-
timum for zero-dimensional model parameters with
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acceleration/compression. Toroid species precedes clectrode plasma
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Fig. 5. Current, mean current axial position compared with time; poloidal and azimuthal magnetic field peak times of ar-
rival. For magnetic probe locations (close to electrodes), PF time of arrival should correspond to toroid, and azi-

muthal field time of arrival should correspond to discharge current flowing through toroid.

2-mg toroid mass. The assumed initial toroid magnetic
energy is 10 to 20 kJ. Varying the toroid magnetic en-
ergy W, in that range has little predicted effect. This
initial toroid magnetic energy is the magnetic energy
density for the trapped, relaxed toroid (By ~ 0.5 T,
B otoidas ~ 0.4 T) times the toroid volume (~10° cm?).
The compression of the toroid causes a force opposing
compression of £, = dW,,/dr. Since W,, = W,,,, ro/r,
F,, = —W, ro/r*. The analogous rotational (W,,, o ~
100 ], F,,, ~ 1/r?) and internal energy (Wi0~ 100 J)
forces are negligible. Magnetic diffusion drag forces are
not negligible but are small compared with magnetic
compression forces. The diffusion drag forces are not
considered in the current zero-dimensional model. They:
may need to be considered for higher compression
experiments. ,
Figure 6 shows a 200-ns exposure micro channel =
plate (MCP) tube photo of a compact toroid that has
been compressed a factor of 3 within conical-coaxial

" Fig. 6. Computer-enhanced, gated MCP tube camera image

electrodes and has inertially compressed another fac- of compact toroid after exiting factor 3 compression

tor of ~2, after extraction from the conical electrodes conical electrodes.
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into a I-m-diam, I-m-long vacuum vessel. The mean
diameter is ~ 15 cm. Contained compression to ~7-cin
mean diameter, or smaller, is required for our current
compact toroids to achieve megagauss ficlds.
Candidate applications at scveral megajoule accel-
erator capacitor bank cnergy include intense X-ray gen-
eration (requiring compressions to 5- to 10-cm mean
diameter), intense neutron generation/fusion rescarch,
and high-quality plasma flow switching (requiring com-
pressions to 20- to 30-cm mean diameter). This is a po-
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