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Introduction

In the year since the last CT symposium, two major CTX results  have
been achileved. Electron temperatures over 100 eV have been obtained’! and
the magnetic fields of the epheromaks havz Leen sustained by helicity
injection from the coaxial magnetized plasma source.? The behavior and
magnitude of the fields in the spheromak can be predicted from Just the
source voltage and flux by assuming a constant rate of helicity loss by
resistive decay. :

Electron Temperature Measurements

Ohmic heating by plasrma currents in CTX spheromaks has produced
electron temperatures in excess of 100 eV as measured by Thomson scattering
near the magnetic axis of the toroid. ! These high temperatures at plasma
densities of ~5 x 10!3em™3 correspond to mean free paths for collisions
greater than the size of the plasma and are consiscent with low=Z impurity
radiation losses no longer being dominant. The increased temperature,
however, has not produced a significant increase in the ~ 1.0 ms total
lifetime of the spheromaks.?

The =spheromaks are penerated in, and confined by, a coppar-mesh type
flux conserver with an nblate chane 80 em 1in diameter, similar to the
previous solid wall copper flux corserver. The mesh ls fabricated from
l12-om-diameter orygen-free copper rods with toroidal hocps spac'd 5 cm
apart welded to 24 poloidal rods, as shown in Fig. 1. Image currents in
the mesh provide fierlds which stably confine the spheromsk. With the more
open design, the {mpurity radiation, as measured by VUV spectroscop{, is
observed to drop more rapidly than with the solid-wall congerver, s To
produce the 100 eV results, the vacuum tank is filled with 30 mTorr of H2
before the discharge is initiated. The spheromaks are formed during the
first 0.1 msec (about 100 Alfvén times) using a coaxial magnet ‘zed plasma
source operated in the "slow mode" (the input power {is supplied to the
source for ~ 0,00 ms nsing a 3 x 107 3F, 10-kV capacitor bank). ¢ During the
next 0.2 ms, the plasma 18 ohmically lLeated in the magneticelly decaying
spheromak from ~ 25 eV to over 100 eV. The spheromak temperature decreases
after that as the filelds decay further so that the <B>, remains
approximately corstant.® The magnetic fields are measured by a magnetic
probe inscrted along the geometric axis 5 cm {nto the flux conserver, and
more recently by Rogowski loops placed on the flux cunserver bars.

Temperature and density profiles over ¢ full flux conserver radius are
ohtained using multipoint Thomsou scattering. The density protiler are
normalized to the denrity obtained from a line-uver.ged measurement using n
laser {interfervmeter.’ The results for three similar discharges at
different times are shown in Fig. 2. This demonstrates the heating of the
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spheromak in time and the peaking of the temperature and density near the
magnetic axis at the later times. Figure 3 shows the average of the "core”
temperature a8 a function cf time for all the data from a series of
discharges under 3imilar conditions (4-13 shots per data point). The coze
temperature for a shot is defined as the average of temperatures measurad
from r = 21 to 35 cm, which {18 approximately the region containing the
innermost 252 of the poloidal flux. Thus the core temperature 1is lower
than the peak temperature. 'he peak in the core temperaturn occurs at the
time that the electron density (initially ~2 x 101%m™3) has dropped to
the plateau (~ 5 x 101 3cn” ) value. The data have been obtained in two
somevhat different flux congerver configurations. At first, to minimize
interference with diagnostics, there were only twelve poloidal straps
across the mid-plane gap of the flux conserver. Then, to0 eliminate
frequeut sudden plasma disruptions or tipping, the number of straps was
increased to 25. This change better stabilized the spheromaks and delayed
the time of the peak in the core temperature by ~ J.l1 msec (which in both
cases occurred at the time cf ,nset of the Jdensity plateau), and extended
the total spheromak lifetime .y the same amount.

Helicity Injection into the CTX Spheromak

The magnetic fields in CTX spheromaks are produced by the injection of
helicity from the wmagnetized coaxial source. The cqulibrium of the
spheromak 3Js a minimum energy state with the constraint that helicity is
conserved on time gscales short compared to the magnetic energy lifetime.©
Turner at al.’ first showed that the helicity content of the spheromak was
related to the amount of helicity injected from the source on fast, Alfvén
time scales. We have extended the analysis to longer times by also
conaidering the helicity loss due to ohmic decay. The rate at which
helicity 1is created 1s twice the source voltage, V(t), (the rate of
toroidal flux creation) times the magnitude of the source poloidal flux,

The poloidal flux vemains cpproximately constant during the CTX
dgscharge. This flow of helicity into the flux conserver initially
guppiles and later replenishes the total spheromak helicity which is at the
same time decaying as a renult or the plasma resistivity. A helicity
balance equation can then be used to describe the predicted eveolution of
the spheromak magnetic fields:

dk(e) | _ K(¢)
T ==+ (L), ,

B?

where K(t) = 0.17R“502(t) is “he helicity content of the spheromak
calculated assuming Besgel-function field profi’es in a cylinder with
radius, R, equal to length, L, and where B o{t) is the pesk magnetic field
at the center on the geometric axis. Since K(t) is proportional to B, (:),
the magnetic energy decay time, = B! iy also the resistive decay time for
the helicity. The value of B (t)Bthen can be calrulated by integrating the
voltage-flux product of the uource and using a 2 value congistent with
known plasma parameters, B®
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Pdigure 4 shows the agreement of actual peak poloidal magnetic <£ields,
mepasured at the nenter of the spheromak at the end of the injection phase
in the "slow” mode (~ 180 psec after atart of discharge), with the
corresponding predicted field values. Tiiz predictions are calculated using
the actual source voltage and flux, and assuming Tnz = 200 ps, and helicity
injection efficiency of 100Z. In addition, the actual behavior in time of
the resulting spheromak field values can be predicted by the above equation
to within Z0X over a wide ranze of source operation.
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Fig. 1.

The 80-cm-diameter copper-
mesh flux conserver installed
in the CTX vacuum tank.
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Electron temperature and
density for three CTX shots
measured at different times

from the start of the discharge.
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Core temperatures of CTX
cpheromaks vs. time. The
bars at each point give the
rms deviation of the temp-

. erature measurements from
the average, divided by the
square root of the number of
measurements for that point.
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Actual measured peak poloidal
magnetic field on the axis at
the center of the CTX flux
conserver compared to that
predicted from helicity injec-
tion and resistive decay.



