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A novel method for creating the spheromak configuration has been proposed and veri-
fied experimentally. The scheme is based on a transfer of poloidal and toroidal magnetic

fluxes into a plasma from a “flux core.”

We present the first experimental verification

of this quasistatic (Taifvén << Tform < Tdiff) formation scheme, which is suitable for future

scaleup to fusion-reactor parameters.

PACS numbers: 52.55.Gb, 52.55.Ez, 52.55.Pi

The spheromak configuration is characterized
by magnetic field lines that are closed (as in a
tokamak) and by a coil-blanket topology that does
not link the plasma (as in a mirror machine).* 2
The magnetic field configuration of the spheromak
includes both toroidal and poloidal components,
but the toroidal component is maintained entirely
by plasma currents and, therefore, vanishes out-
side the plasma. There are no external toroidal-
field coils. The outward pressure of the toroidal
field and of the plasma is balanced by the inward
pressure of the poloidal pinch field.

The experimental realization of the spheromak
configuration, a “compact toroid with toroidal
field,” has followed two main lines of approach to
date: the coaxial plasma-gun scheme?® and the
field-reversed 6 pinch with center-column dis-
charge.* These are both “dynamic” schemes, oc-
curring on a time scale comparable to the Alfvén-
wave transit time (7 4y, 2,), and involving the
passage of large plasma currents through elec-
trodes.

The attractiveness of the spheromak as a fu-
sion-reactor concept would be enhanced by a slow-
formation scheme in which the required forming
power could be kept moderate even for reactor
plasma parameters. The elimination of elec-
trodes would also be a favorable development.
The S-1 program® is designed to demonstrate an
appropriately slow (quasistatic) and electrodless
formation scheme. The present communication
describes results from the Proto S-1 device, the
first experimental demonstration of this type of
approach.

The S-1 scheme of Fig. 1 was developed in the
course of extensive two-dimensional (2D) resis-
tive magnetohydrodynamic (MHD) simulations.’™ 8
An initial poloidal field is generated by toroidal
current inside a ring-shaped (toroidal) flux core,
and is weakened on the small-major-radius side
of the core by the superposition of an externally
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FIG. 1.
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(a)—(c) S-1 spheromak formation scheme.
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generated vertical field. The core also contains
a toroidal solenoid, which generates a toroidal-
field flux (® ;) on its interior. When the toroidal
solenoid is energized, it induces (by d®;/dt)a
poloidal current in a sleeve-shaped plasma sur-
rounding the ring. The associated toroidal field
distends the poloidal-field sleeve, stretching it
towards the magnetic axis where the poloidal
field is weakest. While the toroidal core current
is reduced through zero and “crowbarred” at a
negative value, an increasingly large toroidal
current is induced in the plasma. Magnetic recon-
nection of the poloidal field then occurs, on a
time scale that is slow compared with the dynam-
ic time T g8y, but rapid compared with the resis-
tive diffusion time 74;;;, and a separated plasma
toroid is created on the small-major-radius side
of the flux core. This toroid, the desired sphero-
mak configuration, is held in subsequent equilib-
rium by the externally generated steady-state
vertical field.

The machine configuration and the main compo-
nents of the Proto S-1 device are scaled down (%)
versions of the main S-1 device,’ which will be
completed at the end of 1982, The flux core of a
15-cm major radius and a 3-cm minor radius
contains the poloidal-flux (PF) coil (three-turn
toroidal winding) and the toroidal-flux (TF) coil
(40-turn poloidal winding). The core is covered
by 3-mm-thick metallic liner (stainless steel),
which provides a vacuum enclosure around the
core and also tends to symmetrize the induced
fields during the initial breakdown stage. The
core is powered by two sets of electrical leads.
The externally generated dc vertical field is <1
kG. The PF and TF coils are driven by fast
capacitor banks.

The timing of the coil currents in the flux
core is shown in Fig, 2, The plasma is created
through a breakdown process induced by the TF
current. Framing-camera observations show that
a few microseconds after the initiation of the TF
current a plasma sleeve is created around the
core, which then expands on its small-major-
radius side and finally transforms into a localized
plasma in the intended spheromak equilibrium
position. Many plasma discharges have been
made in H,, He, and Ar gases with best results
obtained by filling the vacuum vessel with 20-50-
mTorr helium gas.

For a conclusive demonstration of the sphero-
mak formation, the time evolution of the magne-
tic fields has been measured directly by movable
magnetic probes (2 mm diameter, 20-turn loops).
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FIG. 2. Time evolution of current in one turn of PF
(three-turn) and TF (40-turn) coils and plasma density
at R=6 cm and Z=0. The vacuum field outside the core
is expected to be phase shifted (for PF, 6—7 usec; for
TF, 2 usec) because of induced liner currents.

The success of this method is due to the excel-
lent reproducibility of the field configuration
(within 5% deviation). Figure 3 depicts the evolu-
tion of the toroidal and poloidal magnetic fields
at the midplane. The spheromak equilibrium con-
figuration with the poloidal field reversing as a
function of major radius R and the toroidal field
vanishing at the plasma edge is established 12—
14 usec after the start of the plasma discharge
(TF current start). This fully formed configura-
tion remains intact for about 12 yusec. Figure
4(a) shows the measured contours of the toroidal
field in a poloidal plane at { =16 usec.

Following the establishment of the desired con-
figuration, the spheromak plasma assumes an
equilibrium, while the poloidal and toroidal fluxes
trapped in the plasma are decaying by resistive
diffusion. At about ¢ =26 usec, the sudden appear-
ance of a nonuniformity in the framing-camera
pictures suggests the onset of a nonaxisymmetric
instability.

The plasma density and temperature have been
monitored by double Langmuir probes (voltage
swept) and CO,-laser interferometry. For helium
discharges, the central density, measured at R
=5 cm and ¢ = 16 usec, is (1.2+0.6) X10% ecm™3,
and the central temperature reaches its highest
value 25+5 eV at £ =15-18 usec.

We have performed a computer simulation for
the present spheromak formation experiment by
a resistive, 2D axisymmetric MHD code.” We
look for solutions with slowly changing boundary
conditions and small mass flow., The reduced
MHD equations used are a finite-8 generalization
of those described in detail in Ref, 7.
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FIG. 3. Time evolution of the magnetic field at the

midplane: Toroidal field (left) and poloidal field (right).

t =0 corresponds to TF current start. TF and PF
currents are crowbarred at ¢ = 10 psec and ¢ = 12 usec,
respectively.

Magnetic boundary conditions require informa-
tion about the poloidal-flux function i and the
toroidal-field function g =RB , at the plasma
boundary. These functions are related to the
tangential electric field at the core by Faraday’s
law,

ay/dt =R*Vgp B, 8g/ot =R?V * (Vo XE).

The tangential electric field is determined self-
consistently by the simultaneous solution of elec-
tric-circuit equations, taking into account the
presence of a resistive metallic liner.

Figure 4 presents experimental and theoretical
toroidal-field contours at ¢ =16 usec. The time
evolution of the toroidal and poloidal magnetic
fields was also simulated (Fig. 5). The initial
plasma distribution was modelled to be uniform
at 6x10* ecm ™3 and 3 eV. Impurity radiation was
included, with a uniform mix of (1-5)% oxygen.
The peak temperature and density vary from 10
to 30 eV and from 1X10% to 2X10%* e¢m™3, re-
spectively, depending on initial conditions. The
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FIG. 4. (a) Measured toroidal-field contours at { =16
usec. Symmetry with respect to major axis was checked
to be satisfactory. (b) Result from the simulation at
the same time.

qualitative agreement between the data and the
simulation during the first 20 psec is excellent,
Some quantitative discrepancies are explainable
by uncertainties in the initial density distribu-
tion, concentration of impurities, and the non-
physical assumption in the computer code that the
flux core remains a constant-flux surface, We
observe some larger discrepancies after 20 usec,
due to the development of nonaxisymmetric mo-
tion in the experiment, which has no counterpart
in the 2D simulation,

In conclusion, the feasibility and effectiveness
of the quasistatic S-1 spheromak formation scheme
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FIG. 5. Simulated evolution of (a) toroidal field and
(b) poloidal field, for an initial plasma density of 6
x 10" em™? with 5% oxygen.
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have been verified experimentally, The resultant
spheromak configuration lasts about 15-20 usec
(10%7 544,2,), which is significantly long, since the
classical magnetic diffusion time of the plasma
(T, =20 eV) is expected to be of the same order
(50 usec). With use of about & to ¢ of the flux
change from the core, the maximum toroidal and
poloidal plasma currents are found to be roughly
20 and 50 kA, respectively. Larger experiments
in the S-1 program are expected to provide more
detailed information on the MHD stability and
transport characteristics of the spheromak con-
figuration.
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