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Improved Plasma Confinement and Evidence for a Pressure-Driven
Instability from: Reduced Magnetic Field Errors in the CTX Spheromak®

J. C. Fernandez, F. J. Wysocki, T. R. Jarboe, Cris W. Barnes
I. Henins, S. O. Knox, G. J. Marklin

Los Alamos National Laboratory, Los Alamos, NM 87545, USA

The 0.67 m radius mesh flux conserver (MFC') in 'TX was replaced by a solid flux conserver (SFC'),
resulting in greatly reduced field errors. Decreased spheromak open flux led to vastly improved decaying
discharges, including increased global energy confinement times rg (from 20 to 180 us) and corresponding
magnetic energy decay times rg: (from 0.7 to 2 ms). Improved confinement allowsd the observation of
a pressure-driven instability which ejects plasma from the spheromak interior to the wall [Wysochi, F.,
et al., Phys. Rev. Lett, 61 (1989) 2457).

In the CTX 0.67 m radius mesh flux conserver (MF('), =~ 1/4 of the spheromak
poloidal flux forms the “edge”, with open flux intersecting the FC wall[l]. Fig. 1 shows
one half of a cross section of the MFC, along with the poloidal flux contours for a typical
decaying CTX spheromak. l,g = 3 m represents the effective length between the points
where the (poloidal) open field lines intersect the wall{1]. The effective poloidal electric
field E,g = nj at the edge is also illustrated. To replenish mainly the rapid plasma
losses on open field lines, spheromak refueling is achieved with a static H; filling pressure
surrounding the MFC', typically 1 - 8 mT. Because of low edge T,, the neutrals penetrate
deep into the spheromak, allowing refueling fromm the electrical breakdown of the neutrals
by the spheromak edge currents. E gl.4 agrees with the Paschen voltage|2] for breakdown
of neutral H, at the given neutral pressure[l].

Maintaining spheromak edge currents causes a high loss rate of spheromak helicity
(magnetic-flux linkage). Without externul voltages, the helicity decay rate is given by|3]

‘1}: - -2/5-34.-01 2/,”'-1;(1..(,1 (1)

where ' 4 (v x B) = nj has been used. The high neutral deusity in the edge increases n
much above the Spitzer resistivity. Throughout the plasma, 1) is negligible compared to
E.g at the edge, sothat di /dt = 2E.y [ B dvol. The result is apheromak magnetic
energy decay times rys which are uncorrelated with the electron temperature, but which
are correlated with the edge neutral pressure[1]. This model i also consistent with the
results in the HBTX1H reversed field pinch discharges with linnters]3d].
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Figure 1: One half of the MFC cross section is shown. Typical normalized spheromak poloidal flux
contours (5% increments) during decay are included. The poloidal magnetic field wraps around the
maguetic axis in the counter-clockwise direction, while the toroidal fleld goes into the page.

In decayving CTX spheromaks with high edge resistivity from electron-neutral colli-
sions, the edge currents decay until the resulting peaked current profile becomes unstable.
The instabilities which grow up cause relaxation toward the minimum-energy state, which
implies a current drive at the edge (which will be called relaxation current drive). It is
observed that the poloidal edge E.g = 1 driven hy relaxation is up to ten times greater
than the electric field produced by toroidal flux decay.

Relaxation current drive is the reason why the edge plasma must be refueled. With
negligible edge electron density n,, relaxation would try unsuccessfully to drive currents
in the edge. The resulting large F.g would quickly dissipate the spheromak helicity
(Eq. 1). CTX results agree with this model. Without the filling pressure, only the
plasma from the helicity source feeds the spheromak. After the source is turned off, the
edge n, decays within a particle confinement time 7,. After n, has decreased enough, the
spheromak decays extremely rapidly|4,h].

It has been proposed that strong relaxation activity would result in direct 1on heat
ing[1]. Fig. 2 shows selected time traces for discharge 15805, one of the nearly identical 47
discharges previously studied[1]. The maximum reproducible Thomson scattering 7, ever
achieved in the MFC is == 100 eV. The top trace shows the spheromak toroidal current.
The middle trace shows the line brightness of the impurity line used, OV at 2781 A, The
bottom trace is the Doppler broadening temperature Ty, Since the calculated jon equili
bration time is much shorter than r, and similar to the plasma energy confinement time
7E, Tp should reflect the bulk 1on temperature 7). These high T indicate nn anomalons

1on heating mechanisim, as expected from strong relaxation activity. Anomalously high 1,
have also been observed in reversed field pinches[6,7]0 The oscillations in Ty (Fig. 2) are
correlated with the n 1 (sustaimment) and n 2.3 (decay) saturated, rotating, current

driven kink modes(®]. T}, oscillations are most probably due to the mode exposing, the
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spatial profile of T,, which we cannot resolve with our single-chord instrument. Account-
ing for Tp > T, the previously presented(1] energy confinement times rg = 3/2(3)voi a2
in the MFC should be corrected up to the 50 - 100 us range, and (3)yo up to = 5%. Still,
large charge exchange losses and enhanced transport from excessive relaxation activity
(caused by high edge resistivity) alinost surely degrade confinement significantly.

A 0.60 m radius solid flux conserver (SFC') has been designed to decrzase the relative
fraction of open spheromak magnetic flux much below the value in the MFC. The observed
result is a much longer 7, so the filling pressure has been eliminated. Ti gettering of
the SFC walls has produced non-radiation dominated discharges with low edge neutral
density. In the SFC, as in the MFC, the spheromak equilibrium is deduced from magnetic
field measurement: at the FC' surface, coupled with a Grad-Shafranov MHD equilibrium
solver(8]. The n, and T, are diagnosed by an absolutely calibrated multi-point Thomson
scattering systemv. T, and n, are combined with the MHD equilibrium calculations to
detecmine the electron 3, and pressure p.. The result is an accurate calculation of rg.

7y in the SFC scaltes proportionally with T, at the magnetic axis. With reproducible
T, =~ i50 ¢V, maximum 72 is 2 ms. In the SFC the OV Tp is similar to T., and
maximum global 7g = 180 us (using T, = T,). Fig. 3 shows the increase in 7¢ for siinilar
discharges cver time as the decaying spheromak plasma heats up. In this fieure, only
Te values measured before the pressure-driven instability (discussed below) are included.
These SFC results suggest reduced open magnetic flux resulting in less relaxation activity,
which reduces dicect ion heating and increases plasma confinement, as also reported for
HBTXI1B[7].

In the SFC', a pressure-driven instability ejects the spheromak plasma in a distinet
event[9]. As the maximum eleciron pressure gradient Up, increases, ((3),., remains at
=~ 3-6% (using T, = T,). At a threshold Vp,, p. moves towards the outer flux surfaces
within 1020 us, indicating, a flux interchange. No concurrent signature on the magnetic
probes at the wall is observed, as normally occurs with current-driven instabilities.
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Figure 2: Traces versus tune for tvpical MFC discha:ge 15805. The top figure shows the spheromak
toroidal current, increased by helicity injection untii 1.2 ms, when the source is turned off (arrow in the
bottom figure). The middle figure shows the “brightness™ br, defined as the area under the gaussian
fit. The bottom figure shows the Dopplet temperature Tp. Error bars at regular intervals illustrate the
uncertainty resulting from the fit.
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Figure 3: rg from similar spheromak discharges in the solid flux conserver are plotted versus tune
The helicity source is tarned ofl at 700 ps



