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Experimental studies of spheromak formation

H. Bruhns,® C. Chin-Fatt, Y. P. Chong,” A. W. DeSilva, G. C. Goldenbaum,
H. R. Griem, G. W. Hart, R. A. Hess, J. H. Irby,” and R. S. Shaw
Laboratory for Plasma and Fusion Energy Studies, University of Maryland, College Park, Maryland 20742

(Received 27 May 1982; accepted 10 February 1983)

Studies in the PS-1 spheromak experiment show that a spheromak configuration can be
effectively formed by a combined z- and 8-pinch technique on both a fast (74, maion =7 arves ) and a
much slower timescale. The gross tilt and shift instability of the toroid can be suppressed by a
combination of conducting walls, shaping the separatrix by externally applied fields, and the use
of “figure-eight” coils. Optimum stability is obtained for almost spherical toroids. Maximum
field-reversal times for stable, well-confined toroids are >40 usec, consistent with resistive decay.
Temperatures during the stable decay are 5-10eV; impurity radiation is an important energy-loss

mechanism.

I. INTRODUCTION

The spheromak, a toroidal-plasma configuration con-
fined by poloidal and internally generated toroidal magnetic
fields, has recently attracted much theoretical and experi-
mental interest, mainly for two reasons. First, a spheromak
fusion reactor would allow operation with topologically
much simpler blanket and coil structures than would a toka-
mak, because it does not require a conducting wall or coil
linkage through the center of the torus. In a way, it combines
the favorable topological features of open field line devices,
such as mirrors, with some of the plasma-confinement ad-
vantages of closed field line devices. Second, since a consid-
erable part of the magnetic pressure necessary to balance the
pressure of the plasma and the internal magnetic field is pro-
duced by plasma currents, the expected engineering beta val-
ue (referred to the magnetic field at the coil location) is large
compared to that in tokamaks. This leads to considerably
relaxed structural requirements for coil support in a reactor
scale device and to a significant reduction in the cost of the
confinement coils and their driving power source, possibly
eliminating the need for superconducting coils.

The physics of the spheromak concept has only recently
begun to be thoroughly investigated. Taylor,' following pre-
vious work by Woltjer and others,” predicted a relaxation to
a force-free minimum energy state for reversed-field config-
urations which keeps the magnetic helicity globally invar-
iant. The loss processes involved in this relaxation were not
specified. Although the details of this relaxation may affect
the ratio of initial to final field energy, as well as the plasma
density and impurity levels, the resulting force-free equilibri-
um can be described without knowledge of the way it was
established. Force-free magnetic configurations have been
previously investigated in the transformer-driven reversed-
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field-pinch experiments.® This equilibrium has been investi-
gated theoretically for spheromaks in both spherical and cy-
lindrical configurations using Taylor’s method.* There is
now sufficient experimental evidence from the coaxial gun-
produced spheromaks,® conical theta-pinch-produced
spheromaks,® from the Princeton stow-formation Proto S-1
experiment,’” and from the Maryland pinch-produced PS-1
spheromak® that the magnetic field profiles correspond rea-
sonably well to force-free equilibria. This is not surprising
since the temperatures are low at present, so that the plasma
pressure can be neglected. Exceptions are those experiments
in PS-1 having strong radial compression of the toroid,
where large-beta values are obtained.

The stability of the confined plasma-magnetic field
structure is a major concern. Theoretical studies show that
the most dangerous magnetohydrodynamic (MHD) mode is
the m = 1 tilt/shift instability.*® The tilt mode, which is not
observed in field-reversed theta pinches, '’ appears in sphero-
maks of prolate shape,*'' while the shift mode appears in
more spherical and oblate ones.'? Generally, it is believed
that wall stabilization is required to suppress these
modes.*"* This could be a considerable liability for a sphero-
mak reactor if the separatrix everywhere is in contact with a
wall.'* It is therefore of interest to study the stability of a
spheromak which is not completely surrounded by a con-
duction shell. The spheromak obtained in the PS-1 experi-
ment at the University of Maryland using dielectric walls has
been studied in detail. The basics of this experiment and the
method of formation are described elsewhere.™'” First re-
sults showed that a toroid was formed and was stable up to
30 usec after formation judging from axially line-integrated
interferometry.® However, when magnetic-probe measure-
ments were performed, a tilt of the toroid appeared starting
shortly after complete field reversal. The shape of the toroid
was very prolate. In accordance with theory, making the
plasma oblate at the expense of radial compression eventual-
ly resulted in a stable configuration.'"'

Here we report on the equilibrium, stability, and plas-
ma parameters of the PS-1 spheromak in several experimen-
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tal configurations which allowed for variations of the shape
of the toroid from very prolate to very oblate, as well as for
variation of the external magnetic field. After discussing the
diagnostics in Sec. II, we describe, in Sec. I1I, experiments
with a fast-formation scheme, using a full theta-pinch coil, a
split coil, and a more complicated double-coil structure, pro-
ducing constant or even rising external fields during the con-
finement phase. In Sec. IV, we present experiments using
slow external field reversal, which is of interest for the cre-
ation of larger spheromaks where fast-formation techniques
become impractical. The formation time scale in these ex-
periments is comparable to that of the Princeton experi-
ment’ (which, however, employs a rather different technique
to create the field).

In Sec. V, we will discuss the results of introducing a
thin metallic liner inside the dielectric vacuum wall, which
decreased the axial current through the toroid as well as
enhanced stability and reduced impurities. Finally, the ef-
fects of Ioffe currents and “figure-eight” coils on stability are
also described in Sec. V.

Il. DIAGNOSTICS

Information on lifetime, shape, equilibrium-field mag-
nitudes, and stability of the toriodal configuration was ob-
tained from magnetic-field measurements. Internal fields
have been measured using three different types of magnetic
probes. The first two cases in the following section were diag-
nosed using an L-shaped probe (probe 1} which simulta-
neously measured the axial (B, ) and toroidal (B, ) components
of the field for one spatial position. The remaining measure-
ments in Sec. III were performed using a straight probe
(probe 2) which measured B,, B, and B, simultaneously at
two spatial positions separated axially by 8 cm. Scans were
obtained on a dicharge-to-discharge basis by varying the po-
sition of the probe. To reduce the number of discharges nec-
essary for a magnetic-field scan and to ensure better radial
correlation between the signals at different positions, a dif-
ferent probe setup has been utilized for the remaining cases
discussed in Secs. IV and V. This probe (3) consisted of two
L-type probes which enabled all three components of the
magnetic field vector to be measured simultaneously at ten
different positions r =1, 3, 5, 7, and 9 cm and ¢ = 0 and 7.
All these probes entered the discharge tube parallel to the
axis. Probes 3 were supported by booms near the wall at
r = 10 cm, and the active portion containing the coils pro-
truded radially from the sides into the center of the device.
Radial profiles at different axial positions of the toroid were
measured by sliding the probes parallel to the z axis. All the
probes were isolated from the plasma by a glass casing and
had an internal copper shield to reduce pickup. The signals
were passively integrated with a time constant of 500 usec
and then processed by fast 8 bit analog-digital converters
{LeCroy 2256). Due to the limited number of converters
available, only 15 of the total of 30 signals could be recorded
on each discharge. All probes have been calibrated with a
Helmholtz coil at frequencies of 0.01-10 MHz. Magnetic
pickup due to misorientation of the coils was determined
from vacuum discharges generally found to be negligibly
small. Electrical pickup has been determined to be negligible
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by rotating the probes. The effect of the probes on the plasma
has been investigated by simultaneously inserting probes 2
and 3. Signals were recorded on plasma shots alternatively
retracting one of the probes axially. We concluded that the
L-type probe affects the plasma less than the straight one.
The latter caused a larger reduction of field-reversal time, as
well as a stronger tendency for the toroid to be destroyed by a
tilt-shift instability.

Provisions were made to measure the total flux enclosed
by the cylindrical container at three axial positions: in the
symmetry plane and in two other locations which could be
varied between z = 2-8 cm. The axial field strength at the
wall outside the chamber was recorded by a passively inte-
grated magnetic pickup probe. Attempts were made to de-
termine a shift of the plasma and possibly also a tilt with a set
of three external coils. However, in only a very few cases was
an unambiguous interpretation of the signals possible. The
currents from the (up to five) capacitor banks were moni-
tored by Rogowski loops.

Plasma densities have been obtained form 6328 A He-
Ne interferometry operating in quadrature mode with the
beam traversing the axial length of the device twice. Radial
scans were performed from r = 0-7 cm and ¢ =0, 180°.
Fringes were, in general, easily detected except near the axis
where no clear interpretation of the two orthogonal channels
could be achieved at early times. Additional information on
the density behavior was obtained from spectroscopic mea-
surements of the Stark broadening of Dy, and HE 11 3203 A
(10% helium was added to the D, fill for helium line mea-
surements). Emission spectroscopy measurements were per-
formed with a conventional 1/2 m spectrometer both radial-
ly and axially while an optical multichannel analyzer viewed
the plasma in the axial direction to provide radial resolution.
Relative electron density measurements were derived from
the intensity of 90° Thomson scattering using a ruby laser.
The electron temperature was determined using this diag-
nostic for two configurations; in the others, it was inferred
from spectroscopic data. Ion temperatures were estimated
from time-resolved measurements of the Doppler broaden-
ing of c 1112297 A and HE 11 4686 A. Impurity radiation has
been photographically measured axially with a normal inci-
dence vacuum ultraviolet spectrometer, which was scanned
between 450 A and 2400 A to obtain the total emitted power.
Absolute calibration of the instrument was performed by the
branching ratio technique. The development of the luminous
plasma structure was observed with a single discharge fram-
ing camera.

HI. EXPERIMENTS WITH FAST FORMATION

The original experiment relied on the formation tech-
nique of field-reversed theta pinches (FRC) by using a fast-
reversal bank.® A problem in FRC experiments is the poor
trapping of bias flux. However, the annular axial current dis-
charge, which occurs in PS-1 immediately before firing the
reversal bank, was found to provide an effective trapping of
the internal axial flux. In addition, the nominally axial cur-
rent discharge excites a paramagnetic azimuthal current
which may even lead to a poloidal-flux enhancement. In
most of the cases discussed in this paper, the magnitude of
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the trapped poloidal flux at the time of X-point formation is
more than 70% of the initial bias flux inside the radius of the
electrode ring.

A. Full solenoid

Using a full-solenoid theta-pinch coil [Fig. 1(a)] and a
reversal bank with a rise time of 1.7 usec, the formation of a
toroid was achieved in approximately 2.5 usec which is 1-3
radial Alfvén times (r,,; = 11 cm). The vacuum fields at
r =0, z = 0 were 1 kG for the bias and 2.4 kG for the rever-
sal field. The results of these experiments have been reported
elsewhere.® The ion temperature obtained (approximately
200 eV) was unlikely to be produced entirely by adiabatic
heating alone. However, since the measurements are axially
averaged, nonMaxwellian features may have led to some un-
certainty in temperature. Formation calculations'® using a
hybrid code predict a maximum ion temperature of 60 eV
and show that anomalous energy transfer to the ions must be
invoked in the calculation in order to obtain the experimen-
tally observed ion temperature.

After installation of crowbar switches into the capaci-
tor banks, studies of the lifetime and properties of the elon-
gated toroid became possible. Axial interferometry showed
an annular shape of the plasma to be present until 30 usec
after formation. This was taken as evidence that the toroid
lasted for this period. However, when a magnetic probe was
inserted, a tilt was observed to start immediately after forma-
tion of the axial X points. Since no external field or flux

MAIN COIL CONFIGURATIONS PS-|
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FIG. 1. Major coil configurations of the PS-1 experiment. The diameter of
the vessel is 23 cm, the electrode radius 7.8 cm, and the axial distance
between the electrodes 30 cm. The capacitor banks are 18 uF and 20 kV
(bias), 28 uF and 20kV (I,), and 7.8 uF and 40 kV for the main bank in cases
(a)—(e} or 28 uF, and 40 kV in cases (d)-{f).
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measurements had been performed in this case, it was not
clear whether the probe itself had caused the tilt. Also, probe
and interferometric measurements could not be done simul-
taneously in the experimental setup used.

While the theoretical analysis of the stability of force-
free MHD configurations predicts a tilt instability for elon-
gated structures, the result may not hold for this case. Due to
both the high-beta value and the fact that a considerable
fraction of axial current and open field lines passed through
the separatrix-bounded region, a comparison with theory is
difficult. Also, since the ion gyroradius at the observed tem-
perature is only approximately an order of magnitude
smaller than the current sheath width, finite-Larmor-radius
effects may be important for stability.

B. Mirror coil

In order to obtain a toroid with smaller length-to-radius
ratio (L /R ), the center part of the theta-pinch coil was re-
moved. Thus a mirror coil was established with a vacuum
field mirror ratio of approximately 1.2 on axis [Fig. 1(b)].
The experiment was operated with vacuum fields of 0.8 kG
for the bias and 2 kG for the reversal fieldsat (z = 0, = 0). It
was found that a toroid could be generated which lasted for
30-35 usec and was stable to tilt and shift. This depended
very strongly on the amplitude of the axial current and its
timing with respect to the reversal bank discharge. Figure 2
shows contours of constant poloidal flux obtained from mag-
netic data taken with probe 1 at z positions of 0, 5, 10, and
13.5 cm and r positions from O to 10 cm at steps of 2 cm in
both ¢ = 0, 180°. Unlike the full coil solenoid experiment,
three magnetic islands are initially established and soon
merge into two very pronounced ones. Most of the initial
confined flux of the outer island is expelled axially beyond
z = 15 cm, while the center torus expands. Note that data
have been taken at both positive and negative radii, hence the
observed island structure, which shows good axial symme-
try, is unlikely to be probe-induced artifact. The separatrix
of the toroid formed with this coil arrangement was still
slightly prolate and, hence, according to theory should be tilt
unstable. However, the structures observed are not identical
to the force-free models assumed. In fact, the ratio of the
axial-field component near the midplane to that at larger z
values near the X point corresponds in the cylindrical force-
free model to an almost spherical shape, L /R =~ 1.8-2.5. This
is the range where optimum stability against tilt or shift in-
stabilities is expected.*'*

Figure 3 shows the maximum amount of poloidal flux
inside the separatrix plotted versus time after the start of the
I, circuit. For times when the separatrix extends beyond the
field of view, only that portion in view is considered. The
initial strong increase in flux relative to the bias flux is due to
a poloidal-flux generation. The conversion of toroidal flux
into poloidal flux has been discussed by Alfvén'” and was
interpreted in terms of a kink instability. In this case, how-
ever, no macroscopic helical structure is seen. Instead, the
tendency of the applied axial current to follow the helical
field, which is the resultant of its own self-field and the bias
magnetic field is believed to be the likely mechanism for the
enhancement of poloidal flux.

Bruhns et al. 1618
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FIG. 2. Contours of constant poloidal flux at different times, for coil configuration 1(b). Inside the separatrix {dashed line) the flux increment is 277 X 5 kG cm?,
outside the increment is 277X 10 kG/cm®. (a) t = 2 usec, (b) t = 8 usec, (c) # = 14 usec, and (d) 7 = 20 usec.
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FIG. 3. Poloidal flux versus time in the toroid {i.e., axial flux inside magnet-
ic axis) for coil configuration 1(b). The point at = 0 corresponds to the
initial bias flux and the error bars are associated with the contour separa-
tions in Fig. 2.
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In Fig. 4 we show measured current-density vectors 18
usec after reversal bank discharge computed from the mea-
sured toroidal field. Even at late times, when the poloidal-
flux contours look very smooth and regular, a considerable
fraction of the total current passes through the center of the
toroid by crossing the separatrix predominantly near the X
point. A likely reason for this behavior can be found by ob-
serving that the poloidal field lines, which are close to the
electrode tips at z = 15 cm, intersect the dielectric wall near
the symmetry plane during formation. Hence, the current
cannot pass around the outside separatrix without crossing
magnetic-field lines. It is therefore favorable for the current
to follow the poloidal-field lines close to the X points and to
pass through the center of the device. Attempts to reduce
this current or to reverse its direction after formation result-
ed in a somewhat shorter lifetime of the toroid. At present, it
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FIG. 4. Current vectors for coil configuraiton 1(b) at 18 usec after reversal
bank discharge.

is not possible to rapidly eliminate the external current after
formation because of the large inductance of the crowbar
circuit.

Figure 5(a) shows the time dependence of the magnetic
energy W [f = (B?/2u)dr],and thehelicity K ( = fA*Bdr)in-
tegrated over the separatrix-bounded region, and the eigen-
valuek (= W /K )forthe equilibrium. When the separatrixis
outside the wall, the integration is carried out only over the
portion visible, also in the fast formation meaurements re-
ported here, complete scans for z <0 were not taken and
symmetry was invoked based on a sample of measurements.
{(Later detailed measurements in the slow formation scheme
showed symmetry about the z = 0 midplane. Here, time zero
corresponds to the time of the discharge of the reversal
bank.) The strong increase of magnetic energy between 0 and
2 usec coincides with the poloidal-flux amplification by the
axial current and with the generation of poloidal field by the
reversal-field circuit. The following decrease between 2 and
4 usec is due to the violent establishment of the toroid, con-
nected both with strong dissipation as well as convective loss
of magnetic energy and helicity axially out of the field of
view. In the next two microseconds both poloidal flux and
magnetic energy increase somewhat, the source again being
the axial current.

Typical ¢ 111ion temperatures outside the magnetic axis
are 40 eV between 2 and 4 usec dropping to approximately
20 eV at 5 usec and <10 eV at 20 usec. Inside the magnetic
axis, peak ion temperatures are > 100 eV at 2—4 usec, drop-
ping rapidly to the same values as measured on the outside.
Spectroscopic line shapes at > 10 usec are generally Gaus-
sian, although for t < 5 usec, significant Doppler shifts and
line splitting exist which indicate directed ion motion and
nonthermal features. For this case electron temperatures
have not been measured by Thomson scattering. Estimates
from observed line excitation indicate T, approximately 20—
30eV at t < 5 used and T, approximately 5-10 eV at ¢ > 10
usec. For these late times, therefore, we have equilibration
of T;and T,.

Impurity radiation between 450 and 2400 A {(where one
expects most of the radiative power to be) was found to con-
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FIG. 5. Magnetic energy W (§B?>/2udr), helicity K (fA-Bdr), integrated
over the separatrix-bounded region, and eigenvalue & (W /K ) of the toroid as
function of time. {a) coil configuration 1(b). Note that the flat part of the
curve k (t) corresponds to the toroid having almost constant size. (b} coil
configuration 1(e) (weak antimirror bias with liner).

tribute only in the 10%-20% range to the total loss in mag-
netic energy. However, noting the rapid early convective loss
of magnetic energy and assuming classical resistivity, radia-
tive loss might account for as much as 50%-100% of the
Ohmic power balance except in the very early formation
phase where its contribution is less. The main impurities are
carbon, oxygen, and nitrogen. The source of carbon is most
likely the electrodes, which in this case have graphite tips
rather than elkonite tips as were used in the full solenoid
experiments.

The field-reversed toroid decayed in 30-35 usec. This is
also approximately the 1/e time of the externally applied
field. As a consequence, there is no appreciable radial com-
pression of the toroid with time except for the last five micro-
seconds before loss of field reversal. When a longer-lasting
external field was applied, a rapid decay of the toroid by
tilting occurred. This is presumably due to the radial com-
pression of the toroid as the internal magnetic field and plas-
ma pressure decreased with respect to the external field. This
decay became especially pronounced when a concentric two-
coil system was installed with a resistive one-turn coil dri-
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ven by the fast capacitor bank and an outer multiturn coil
driven by a 10kV, 380 uF bank having a rise time of 80 usec.
As soon as the decrease of the field produced by the fast bank
was overcome by the rise of the slow bank, the plasma start-
ed to tilt. An additional problem in this coil system arose
from the time-varying external mirror ratio due to the phys-
ical separation of the coils and their mutual inductance,
which was not negligible compared to the total inductances
in the circuits. With this coil arrangement, the plasma toroid
was shaped slightly prolate, L /R =2-2.5.

IV. EXPERIMENTS WITH SLOW FORMATION—
OBLIMAKS

In large experiments, one would face serious difficulties
using a fast formation scheme; to maintain short rise times
would imply high-voltage energy storage. The PS-1 experi-
ment was therefore redesigned to study slower formation
(i.e., of the order of ten Alfvén transit times). Instead of the
solid single-turn coil segments used so far, a multiturn coil
made with cables was used [Fig. 1(c)]. In addition to increas-
ing the coil inductance, this change allowed a reduction in
coil diameter by 10%. With this coil system, a much more
efficient use of the available stored energy resulted. Also, by
sliding these coils to different axial positions, the mirror ra-
tio could be varied continuously between 1 and 1.5 at vacu-
um field strengths of 4-7 kG. The rise time of the banks
increased to 6.5 usec and the decay time to 120 usec. With
the fields and densities employed, the formation took 5-15
Alfvén times. On this time scale, the formation proceeded as
well as before. Any loss of bias flux was compensated for by
the previously mentioned flux enhancement connected with
the axial current. However, as was found in previous studies,
a tilt or a shift destroyed the plasma 10-20 usec after field
reversal, at which time the torus has shrunk away from the
wall. The exact time depends on the shape of the torus.

In order to study even slower formation, experiments
were performed using the bias bank only. External field re-
versal was obtained by crowbarring the capacitors after cir-
cuit current reversal, at a time equal to 3 of the period of the
circuit. The rise time of the reversal field was then 16 usec,
measured from peak bias to peak reversed field. In this case,
it was not possible to achieve sufficient compression to move
the separatrix radially inside the wall, since the reversal field
was approximately of the same magnitude as the bias field.
As a result, long-lasting field reversal was obtained without
any gross instabilities. No significant net flux loss occurred
initially since the axial current discharge created poloidal
flux to compensate the losses. A strong dependence of the
lifetime on the duration of the axial current discharge was
observed, with most of this current passing through the
center of the toroid. Field-reversal times as long as 60 usec
were obtained. Due to the boundary conditions imposed by
the separatrix intersecting the walls and the open axial cur-
rent passing through the region of closed poloidal flux, the
equilibrium obtained was quite dissimilar to that of a sphero-
mak. The configuration, however, resembled the one ob-
tained by Alfvén and co-workers in their magnetic-gun ex-
periment, with the plasmoid moving into a chamber with
dielectric walls.'® In their case, the toroid showed excellent
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stability and long lifetime.

Attempts were made to compress the toroid radially by
enhancing the reversal field until the separatrix was pushed
inside the chamber. These attempts resulted in a tilt-shift
instability of the torus. Temperatures were lower than before
since the magnetic fields as well as their rise times were low.
Hence, Ohmic heating was weak, and parallel electron heat
conduction to the walls and possibly impurity transport into
the plasma were likely candidates for major energy loss.

During these studies, it was observed that even after
applying an axial field with a large mirror ratio, the poloidal
magnetic topology tended to remain prolate to spherical; no
clearly oblate plasmas with the separatrix inside the
chamber could be created. In addition, formation of the tor-
oid generally started out with the creation of two axially
aligned toroids, located symmetrically about the midplane.
These toroids eventually merged. This behavior is believed
to be in part due to the mirror-shaped bias field, which al-
lowed the axial current to trap more bias flux near the elec-
trodes than in the midplane. However, as in the case of a full
solenoid, the initial stage of field reversal results in double
toroids, so that other processes like tearing modes have to be
invoked for a complete explanation. Similar multi-island
structures have been found in field-reversed theta pinches. '

The establishment of double or multitoroid configura-
tions might be helpful to the formation of the spheromak.
Experimentally, there is some evidence that a tilt or shift
instability develops only after the double structure has
merged almost completely. A possible explanation is that the
total structure is prolate and is predicted theoretically to be
stable to the shift. However, each individual toroid is oblate
and is predicted to be stable to a tilt. Furthermore, the mutu-
al interaction of the magnetic dipoles of the toroids may tend
to stabilize against a tilt. Another aspect is the release of
magnetic energy during the merging processs of the tor-
0ids.”® Theoretically, this energy should be converted into
plasma energy and may help to burn through the impurity
radiation barrier. However, this possible advantage is con-
nected with lower magnetic fields and currents during the
confinement phase and is not seen experimentally at present.

In order to investigate formation without a double tor-
oid phase, the coil system was then equipped with a separate
coil for the bias circuit in order to give an antimirror bias-
field structure [Fig. 1(d)]. This provided more trapping of
bias flux by the axial current near the midplane (z = 0} and
avoided the double-toroid formation. In addition, the anti-
mirror bias field aided in preventing the axial current from
running into the glass walls during the initial phases of the
discharge. This should reduce the emission of impurities
from the walls. No clear effect was discernible, however.

An additional goal was to get better control of the shape
of the toroid by controlling (both during and after the forma-
tion) the separatrix position near the midplane by the inde-
pendent bias circuit, while at the same time applying strong
axial compression with the reversal-field mirror coils. A dis-
advantage of this setup was that the different time constants
of the reversal and bias banks did not allow simultaneous
field reversal at z > 5 cm, where the mirror coils dominated,
and z < 5 cm, where the bias coil located around the mid-
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plane dominated the field shape. Effectively, the experiment
had an external double cusp reversal field during formation.
Hence, during a period of 5-15 usec, parallel particle and
energy transport to the wall was still possible. Also, the par-
allel field path for the axial current along the outside of the
separatrix was blocked during that time, forcing partial
commutation of the current through the X points into the
center of the toroid.

However, with this coil setup, it was possible to create
very oblate toroids with L /R ~ 1. These toroids were sus-
ceptible to a combined shift and tilt. In fact, the signals from
the magnetic probes were very difficult to interpret in these
cases, since both the shift and the tilt did not always occur in
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FIG. 6. Electron temperatures for coil configuration 1(d). The fill densities
are 2, 7, and 20X 10" cm ~?, respectively.
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the same plane, and only occasionally in the plane of the
probe array.

Approximately spherical toroids were stable for low
field reversal as long as the separatrix still enclosed the bias
coil in the midplane. After the current in this coil had been
reversed, some shifting of the toroid was observed. However,
as soon as the shift developed sufficient amplitude, such that
the sepatratrix came close to the bias coil, the resulting re-
storing force limited the instability. Field-reversal times of
up to 40 usec were obtained, but during the first 10~15 usec,
the separatrix stayed outside the wall in the midplane. The
L /R ratio of the best behaved cases was about one. Consider-
able open axial current passed through the center of the tor-
oid.

The Thomson-scattering diagnostic gave peak electron
temperatures of about 10 eV for a fill density of 2x 10'°
cm~? (Fig. 6). Reducing this density by a factor of three
increased the peak temperature slightly to 15 eV; further
reduction gave no improvement. Relative density measure-
ments by the same diagnostics showed a reduction in density
at the time of peak temperature according to the change in
fill density between 2 10" and 7x 10" cm™?; a further
decrease in fill density to 1 10'* cm ™ resulted in a con-
stant measured density or even a slight increase. This may be
due to a base impurity level which is independent of the fill,
as well as to a change in the dynamics of the plasma. After
formation, temperatures soon decrease to 5-8 eV in all
cases. As may be expected by the reduced Alfvén time at low
densities, macroscopic unstable decay takes place much
more easily. Also, there is an enhanced diffusion of magnetic
field.

V. EXPERIMENTS WITH ADDITIONAL STABILIZATION

The studies presented in the preceding paragraphs dem-
onstrated that the stability of the toroid is strongly in-
fluenced by its shape, in agreement with theoretical predic-
tions. Although stability was observed for the plasma
lifetime in one particular case, in general, the toroid even-
tually becomes unstable in a long-lasting external field
which does not match the internal-field decay rate. In larger
experiments, however, matching the applied-field decay rate
to the internal decay rate is impractical, since one would
tend to use dc fields for the external magnetic configuration.

In the PS-1 experiment, other means of stabilizing the
toroid were investigated. As was mentioned, wall stabiliza-
tion is expected to be very effective, provided the distance
from the wall to the separatrix, measured by the ratio of the
wall to separatrix radius (7,, /7 ), is not too large.>'” Since the
formation scheme of the PS-1 experiment is not compatible
with flux-conserving walls, a thin metallic liner was inserted
[Fig. 1{e)] along the azimuthal wall of the device. It consisted
of a 50 um stainless steel sheath havingan L /R time of about
5 usec. Thus, the rise time of the reversal field as seen from
the plasma was slightly slower than before, and the peak
amplitude was reduced.

With this arrangement, it was possible to stabilize the
toroid for about 10-15 usec in cases which were unstable
without a liner (Fig. 7). After this time, the radius of the
toroid had shrunk (r, /r, = 1.6), and a slight radial shift was
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observed [Fig. 8(a)].

Besides suppressing the tilt stability, the liner reduced
the amount of open axial current passing through the separa-
trix-bounded region. In previous cases, the current commut-
ed back along the poloidal field lines, crossing the X points
(through the center of the toroid). This was because the cur-
rent path along the outside of the separatrix was blocked
during the formation by the separatrix intersecting the di-
electric walls. Now, in the same time interval, the external
current is directed to the liner and continues to flow along
this metallic path.

Another positive effect of the liner is to reduce the in-
flux of impurities from the walls. An additional large reduc-
tion in the ¢ 11 line intensities took place after we removed
the glass envelopes from the rear of the elkonite electrodes
and established a continuous rf discharge in 0.1 mTorr hy-
drogen between shots.
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The use of Ioffe currents as an additional method of
stabilization was tested. Theoretically, the effect of these cur-
rents on a spheromak is ambiguous. While for simple mirror
geometry the stabilizing influence is well documented, the
additional poloidal-field reversal and the toroidal-field com-
ponent may lead to a destabilization of other modes in the
spheromak.

The experiment was performed with both a dodecapole
and a hexapole arrangement. The current per rod was varied
in both cases from 10-35 kA. There was little difference
between the two configurations; the dodecapole was, how-
ever, slightly more effective. Generally, a reduction of the
radial shifting speed was found, but a completely stable tor-
oid could be obtained only occasionally. The shift was found
to develop at random in both speed and direction.

To reduce the oblateness of the toroid, the antimirror
ratio of the bias field was decreased by moving the bias coils
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FIG. 8. Radial profiles of axial magnetic field in the midplane at several
times for (a) coil configuration 1(e) with liner and (b) with the addition of the
“figure-eight” stabilization coils. The peak value of the magnetic field cor-
responds to the symmetry axis which drifts radially in (a) but not in (b). The
numbers 1-9 refer to time from 27.5 to 47.5 usec in steps of 2.5 usec.

from the midplane to axial positions of + 5 cm [Fig. (1e)]. In
addition, a third center coil for the reversal field was in-
stalled [Fig. 1(f)]. This coil had a 25% higher inductance than
the outer ones. With this arrangement, it was possible to
obtain the longest field-reversal times (40 usec, as measured
from the time the separatrix is fully inside the chamber).
Application of loffe currents resulted in a reduction of the
lifetime by 5 to 10 usec.

Figure 5(b) shows the measured magnetic energy W,
helicity K, and the eigenvalue k = W /K for case 1(¢) (i.e.,
without Ioffe currents and the reversal-field center coil). An
estimate of the eigenvalue k can be made from the measured
radius r and length / of the separatrix: for a cylindrical mod-
el, k2 = (m/1)* + (3.8/r)*; for aspherical one, k = 4.49/r. At
times where the separatrix is fully in the area covered by
magnetic-probe measurements and appears spherical, the
latter eigenvalue corresponds reasonably well to the mea-
sured one.

Recently, Jardin and Christensen®' proposed the use of
“figure-eight” coils to stabilize the tilt and shift modes.
While the tilt mode in PS-1 had been well controlled by ap-
propriate shaping of the toroid in the presence of the metallic
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FIG. 9. Two different types of coils used to stabilize the n = 1 motion. For
each type only two of four coils are shown.

liner, the shift was stabilized completely by a set of these
passive coils (Fig. 8). In the experiments performed so far,
these coils span the entire toroid, reaching from both axial
ends (z = 20 cm) along the liner to the midplane (Fig. 9).
Studies are now in progress to find the optimum shape and
minimum area of these coils necessary for stability.

VI. CONCLUSIONS

For many years, interest in minimum magnetic energy,
force-free configurations had been restricted to theoretical
investigations. Recently, experiments in the PS-1 device, to-
gether with experiments using magnetized guns,’ the slow-
induction scheme,” and conical theta pinches,® have demon-
strated that a variety of methods exist for the production of
spheromak plasmas. In particular, the technique discussed
here provides an easy means of forming a toroid and confin-
ing it in an external guiding field. It is an extremely versatile
method, since both the mirror ratios of the bias and reversal
fields, the amplitude of the axial current, as well as the tem-
poral programming can be varied easily.

In the experiments reported here, it has been shown
that formation on the timescale of a few Alfvén times and
also on a slower timescale is possible. These experiments
demonstrate the feasibility of applying this formation
scheme in larger devices, which will require slow timescales.

Extensive studies on shaping the toroid showed that
theoretical expectations of the tilt and shift instability agree
with experimental results. The quantitative agreement of the
experiment with force-free models (or in the case of nonneg-
ligible plasma pressure ‘‘nearly force-free” models) is
remarkable when one notes that the configuration is not
identical to the theoretical models and differs in the shape of
the external equilibrium field. Optimization of the toroid
shape and the application of a thin liner and “figure-eight”
coils stabilized the toroid against tilt and shift modes for the
timescale of the applied field.

Although radiation by impurities is not the major loss
channel during formation, the lifetime of the field-reversed
state seems to be limited by this mechanism. A considerable
reduction in carbon line radiation has been achieved by in-
troducing the metallic liner, eliminating all dielectric materi-
al from the neighborhood of the plasma, and employing con-
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tinuous-rf-discharge cleaning between the shot. This,
however, is not sufficient to overcome the radiation barrier.
A further reduction of the impurity level, which is estimated
to be 29%—4% carbon and oxygen, is required.

At the standard fill density of 2 X 10'°* cm~3, maximum
lifetimes in excess of 40 usec for well-confined toroids have
been measured. This time of field reversal is consistent with
the measured electron temperatures of 5-8 eV at late times
and a nearly classical magnetic-field diffusion. Ion tempera-
tures at early times in excess of electron temperatures indi-
cate anomalous ion heating during formation.
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