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INTRODUCTION

The current CTX program is directea towards us-
ing spheromaks as an energy transfer medium to ac-
celerate metal plates to hypervelocity. In the pro-
posed scheme, the spheromak is first compressed
by accelerating a large plate to moderate velocity
(3 -5 km/s) with high explosives (HE). Another
smaller plate is designed such that it experiences lit-
tle force urtil the spheromak is compressed to a size
comparable to the small plate. Then the force on
the small plate rises quickly, accelerating this plate
to high velocity. Figure 1 shows the present design
for a proof-of-principle e."periment. Present theoret-
ical calculations indicate velocity gain of the small
plate over the large plate as high as four (geome-
try not the same as Fig. 1), which could nroduce
20 km/s small plate velocity. In principle, the fi-
nas velocity is limited only by the sound speed of
the spheromak (which is very high), and in practice,
is probably limited by ohmic heating in the plate
(leading to melting), the amount of energy that can
be delivered to the large compression plate, and the
energy dissipated by the epheromak during compres-
sion. Taking these eTecte into account, final veloci-
ties in the range 40 — 100 km/s might be achievable.

Final velocities approaching 100 km/s will require
compressed spheromak energy den ...¢s comparable
io that of HE (B = 100 T). The desire to keep the
quantity of compression HE down to moderate levels
(of order 100 pounds) dictates small initial sphero-
mak size (S 0.3 - 0.4 m). Thus, It is necessary to be
able to produce small spheromaks with as high an
initial magnetic field strength as possible. A proof-
of-princple, velocity gain greater than one, experi-
ment probably requires the initial maximum inter-
nal spheromak field ‘o be 2 3 T, and future experi-
ments may require 210 T. In addition, the sphero-
mak magnetic energy dissipated during compression
should be minimized. Although compression times
of 80 - 100 us are short compared to magnetic de-
cay times in large (0.5 - 1 m) spheromaks, the decay
time drops as the spheromak is compressed to small
size. Thus, it is desirable to have the spheromak

as hot as possible, and any “anomalous” recistivity
should be minimized. Figure 2 shows the expected
velocity gain as a functior of both the initial maxi-
mum internal magnetic field and the initial magnetic
decay time, for the geometry shown in Fig. 1.
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Figure 1: Numerical sirulation of spheromak dy-
namics in the presence of a compressing dome. The
“fly plate” is tle small plate that is accelerated
(starting at A 79 us) to hypervelocity. Spheromak
resistive decuy is included in this simulation.

The CTX facility Is being used to develop
needed techniques to produce small, high-field, low-
resistance spheromaks in the laboratory. This will
soon include testing & new plasma gun which is in-
expensive enough to eventually “blow up” at an JIE
firing site. The present experiments use the same
gun which was used for the 0.67-m mech flux con-
server and the 0.61-m solid-wall flux conserver ex-
periments, Figure 3 shows the new solid-wall low-
magnetic-ficld-error flux consciver that has been iu-
stalled with both radius und length equal to 0.28-m,
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Figure 2: Required initial decay time vs. initial in-
ternal spheromak magnetic field for velocity gain of
0.5, 1.0, 1.5, and 2.0. The dashed line connects the
point of present spheromak parameters with that we
expect in the near future.

which is equal to the outer-electrode radius of the
gun. The inter-electrode spacing is no longer a small
perturbation on the spheromak. The advantzge of
this arrangement is the increased energy efficiency of
the gun due to better A matching of the gun and the
spheromak. In addition, the external capacitor bank
circuit has been changed to give shorter (=~ 180 us),
higher-powered pulses to the plasma gun.
RESULTS

The highest maximum internal field obtained
to date is = 3.5T, but the majority of the
data obtained thus far is from spheromaks with
& 2.2 - 2.6 T maximum internal field. The longest
spheromak lifetime is s 1 ms for these conditions.
Thomson scattering electron temperature profiles
show T, as high as 350 - 400 eV. (Ability to measure
still higher temperatures 1equires a modificaticn to
the Thomscn scattering spectrometer, which is cur-
rently underway.)

In many figures in this report, reference is made
to the value By (measured by the four magnetic
probes at position #3 seperated by 90° tornidally,
sce Fig. 3). For reference, the maximum internal
field is roughly 2.2 times as great as Iy, and 1| MA
of toroidal plasma current produces 1.3 T for B;.

Several interesting types nf spheromak behavior
have been observed In this flux conserver. 'The
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Figure 3: This figure shows the present small flux
conserver used in CTX (made of OFHC copper).
Also indicated are the end of the plasma gun, the en-
trance region and associated center plug (both made
of OFHC copper), the magnetic probes (seven posi-
tions indicated, each with 4 probes seperated by 90°
toroidally), and the support structure. The mag-
netic pressure developed in present spheromaks was
causing the flux conserver to crack. The support
structure (mace of 304SS) was installed to prevent
cracking. The position of the probes which give the
Bj data refered to in the text is indicated.

spheromak tends to n=1 tilt (or kink) globally iuto
the entrance region after sustainment, which has not
been observed before in CTX. This is related to the
fact that the flux conserver diameter is now exactly
the same as the gun and entrance region diameters.
Fortunately, this tendency is substantially reduced
for the hotter spheromaks obtained, as shown in
Fig. 4. Another observation is the degradation of
energy and particle confinement times, which is as-
soclated with the standard n=2 kink mode present
during decay of hot spheromaks, shown in Fig. 5.
While this phenoinenon was previously observed in
the mesh-walled flux conserver, the degradation was
attributed to the large magnetic fleld errors. The
n=2 kink mode had no apparent degradation on a.s-
charges in the 0.61-mn solid-wall flux conserver, which
used a low-field-error desigr.. The present flux con-
server also has a solid wall and is designed to have
few field errnrs. The new data indicate a source of
field errors that was not anticipated. Possibilities in-
clude the entrance region, which is perforated with
1™ diameter holes, 2" center to center (for historical
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Figure 4: This data indicates the behavior of the
n=1 distortion which is frequently observed after
sustainment for two sequential discharges. The
quantity Apa1/An=o represents the ratio of the am-
plitudes for the n=1 distortion to the axisymmetric
state, as determined by the By data (see lig. 3).
Notice the growth and decay of the mode be-
tween t = 0.2 to ¢ ~ 0.3 ms in both discharges, how-
ever only the 5 kV discharge distorts starting at
t = 0.4 ms (the voltage refers to the capacitor bank
voltage for the gun). Thomson scattering data at
t = 0.41 ms indicates that the 4 kV discharge had
central electron temperature and density of 145 eV
and 1.8 x 10'* em™?, while the 5 kV discharge had
only 48 eV and 5.6 x 10** cm~3. While hot dis-
charges without n=1 distortions have been produced
at 5 kV (see Fig. 5 for example), there tends to be
strong n=1 distortion for colder discharges regard-
less of bank voltage.

reasons), rounded corners with too small a radius of
curvature leading to flux penetration, and the fact
that the flux conserver is (unfortuna‘ely) distorded
and out-of-round. Additionally, the compa:atively
large inter-electrode spacing may make the n=2 kink
mode intrinsically more detrimental. An effort to
understand this situation is ongoing.

The datain Figs. 6 - 8 summarize some of the best
reaults obtained in the latest configuration. The line
average density is obtained from the CO; interfer-
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Figure 5* This data indicates the degradation of par-
ticle and energy confinement times correlated with
n=2 activity normally present during decay of hot-
ter discharges. The quantity Apu2/Apmo-represents
the ratio of the amplitudes for the p=2 mode to
the axisymmetric state, as determined by the B
data (see Fig. 3). The fast oscillatory behavior after
t = 0.34 ms is an artifact of the simplistic technique
used to obtain A,3; the real value is the envelope,
as indicated by the heavy line. Notice the “pump
out” of plasma density starting as soon as the n=2
activity starts, and the increased decay rate of B
starting = 0.08 ms later. The detriment is believed
to be caused by unexpected magnetic field errors.

ometer, and the Thomson scattering data Is from the
multi-point system, which covers an entire radius of
the flux conserver, and is absolutely calibrated for
density using Raman scattering in nitrogen.
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Fig. 6. This figure shows a lung lived, high field discharge.
The highest field produced at present is 1.6 T wall field,
but these dischargzs are not yet optimized, and therefore
do not last as long.
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Fig. 7. This figure shows the Thomson
scattering date at 260 ps from four
discharges with 1.0 T maximum wall
field and = 6x10' density at the laser
firing time.
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Fig. 8. This figure shows the wall field and denasity vs time, and the Thomson scattering data
at 310 pa for one of several discharges with data above 200 eV.



