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Operation of the Rotamak as a Spherical Tokamak: The Flinders Rotamak-ST
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By adding a current-carrying central rod to the basic rotamak apparatus, a magnetic configuration has

been produced which is that of a spherical tokamak

(ST) maintained in steady state by the application of

a rotating magnetic field. The noteworthy reproducibility of the rotamak-ST discharges has facilitated
the measurement of the time-averaged magnetic field components throughout a poloidal plane. These
measurements, together with an assumption of axisymmetry, have enabled the field lines of an ST to be

directly reconstructed from experimental data for the first time.

PACS numbers: 52.55.Fa, 52.55.Hc

The investigation of plasmal/field configurations of the

[S0031-9007(98)07036-7]

By means of a simple modification, a steady toroidal

compact torus variety is of current interest in the field ofmagnetic field can be added to the basic rotamak appa-
fusion research. Two configurations of this genre are theatus and the configuration then becomes that of an ST
field reversed configuration (FRC) which does not have amaintained in steady state by means of the application of
externally applied toroidal magnetic field and the spherithe RMF. Such a modified rotamak apparatus was indeed

cal tokamak (ST) which possesses such a field.

The rotamak [1] is a compact torus configuration hav-
ing the unique and distinctive feature that the steady
toroidal plasma current is driven in a steady-state, non-
inductive fashion by means of the application of a rotat-
ing magnetic field (RMF) [2]. The toroidal current ring
is kept in horizontal and vertical equilibrium by an exter-
nally applied magnetic field and, if conditions are appro-
priate, it can reverse this equilibrium field thus generating
a compact torus configuration of the FRC type. Some of
the latest results describing the operation of the rotamak
as an FRC can be found in [3].

The ST is the low aspect ratio limit of the tokamak.
It has the advantages of simple construction, lower mag-
netic fields, and improved stability over the conventional
tokamak. Interest in this particular compact torus concept
is growing apace, supported in part by a favorable report
[4] which highlights its potential as an economic fusion
power plant.
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FIG. 1. The Flinders Rotamak-ST.
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the first spherical tokamak experiment [5].
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FIG. 2. Time history of (a) the rod current, (b) the vertical
field, and (c) the driven toroidal plasma current. The RMF was
applied during the period 30—70 ms.
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After a hiatus of ten years, the operation of the rotamak ) ) o
as an ST has been revisited and the purpose of this A particular rotamak-ST discharge has been studied in

Letter is to present the initial results obtained using Aetail. For this discharge, the toroidal field was switched

larger and more powerful apparatus than that employe@" at7 = 0; the time history of the rod current,, is
in [5]. Although some preliminary measurements of theShOWn in Fig. 2(a). A
plasma properties are included, the main thrust of this
presentation is concerned with the magnetic field structure

of the ST configuration produced within the Flinders \\\\\\
Rotamak-ST device.

Figure 1 shows the components of the Flinders
Rotamak-ST apparatus. rf currents (0.5 MHz, 40-ms
pulse duration), dephased BY)°, and passing through 0.1}
two orthogonal coils (only one phase is shown in Fig. 1)
produce an RMF of amplitudé,,, and angular frequency,

w. Steady currents passing through the two vertical field
coils generate the equilibrium field which we characterize
by its value, B,, at the center of the spherical pyrex
discharge vessel (radius 25 cm) in the absence of
plasma The steady toroidal magnetic field is produced
by discharging an electrolytic capacitor bank through a
conductor which threads the central axis of the discharge
vessel six times. The stainless steel tube which contains
these turns has an external diameter of 2.5 cm. Various ~0.1
entry ports allow the introduction of electric and magnetic

probes and the placement of a Rogowski coil around a
poloidal cross section of the discharge vessel yields a
measurement of the driven toroidal plasma currépt,

The discharge vessel is furnished with a pumping port ;
which connects it to a conventional vacuum system. For 0 005 0.1 015 02 025

the results reported here, hydrogen gas was continuously r (m)

flowed through the vessel at an equilibrium pressure of|G. 5. Poloidal flux contours; contour spacirg96 X
1 mTorr. 107% Wh.

t = 30 ms, both the vertical field,

z (m)
o
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15 . _w . shot-to-shot basis, for a matrix of 546 points (42
positions, 13z-positions). The satisfactory collation of
this magnetic field data depended, in large measure, on
T; 107 the excellent shot-to-shot reproducibility of the rotamak
= discharge. The quality of the data can be gauged from
% 5l an examination of Fig. 4 in which sample data from 3
h z-positions are shown. The experimenfl(r,z) data
were fitted to two-dimensional orthogonal polynomials

' ' : ‘ ‘ [6] and appropriate cuts in this fitted surface are also
-0.2 -0.1 0 01 02 03 shown in Fig. 4. Given this fitted surface fBt(r, z), the
assumption of axisymmetry and the fact tivat B = 0,

FIG. 6. The toroidal current density (a), with cuts in the fitted it was possible to derive a two-dimensional surface for
surface shown at (k) = 0 and (¢)r = 0.1 m. B,(r,z).

z (m)

B,, and the 40-ms duration pulse of RMF were switched

on simultaneously. Figure 2(b) shows the time history 150¢ (a)
of B, while Fig. 2(c) shows the pulse of toroidal plasma -T T =
current,/4, which was driven by the RMF. _ 100} | |
Detailed measurements of this discharge were made % I I
at the indicated time of = 53 ms. At this time,l, = Bl l I
9650 A, B, = 60 G, and Iy = 6500 A. The power 507 ! !
delivered by both rf generators was 240 kW, of which ' '
42 kW was dissipated in the coils and matching circuits 0 : L : L.
while 198 kW was dissipated in the plasma; i.e., the 0 20 40 60 80 100
overall efficiency of power transfer was 83%. 1500 ' ¢ (ms)

Electric probe measurements 0f(r,z) and T.(r,z)
were made; the results obtained in the= 0 plane at
t =53 ms are shown in Fig. 3. Compared to similar _ 1000
measurements undertaken in the smaller ST experiment:%
of Collins et al.[5], the values ofT, are significantly =

higher (typically 30 eV compared to 12 eV) in the center 500

of the discharge vessel. Since the electron number

densities and the input rf power densities are comparable 0 ; ;

in the two experiments, this suggests that the electron 0 10 20 30
energy confinement time improves with device size. 7 (em)

The quasistea_dy (dc) components of the 'magnetic fieIQIG. 8. The toroidal magnetic field: (a) Time history rat=
of the rotamak discharge were measured with Hall probego.3 cm, z = 0 cm; (b) radial profile at: = 0; (s) measured
atr = 53 ms. TheB,(r,z) data were collected, on a data; (—) fitted surface.
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FIG. 9. Reconstructed magnetic field lines.

Figure 5 shows the poloidal flux contours (at= measured data in the= 0 plane and the appropriate cut

. X X in the fitted surface.
53 ms) derived from the fitted surface fBt(r,z). While . .
investigations of rotamak-FRC discharges in the same Given the values off,, By, and B. at each point

. in the poloidal plane, it was possible to reconstruct,
apparatus have consistently revealed compact torus co

. . . X o y integration, the structure of the magnetic field lines
figurations having their separatricies at the vessel Wal\glgvithin the rotamak-ST discharge. The magnetic field

(o ) here e see lhat the separati stz WE) Mine which pass through poins 1, 2, and 3 indiated i
atr = 15.7 cm and the aspect rétio is1.12 Fig. 5 are ShOW'? In Fig. 9 Magnetic field lines 1 and 2
Figure 6 shows the derived two-dimensional surface'® irrational while line 3 is rational with = 12. These

Sield lines are representative of those which constitute a

for the toroidal current densityjs, together with two . : . )
representative cuts. The use of the RMF current driveSphe”C"’II tokamak  configuration.  The profile of the

technique has led to a distribution of the 6500 A ind'ss:]easrgli Isefhg;,ivnqggtgltigo.nl?s. focused on exoloring the
the poloidal plane which is hollow and elongated, a P P 9

highly desirable circumstance from the point of view parameter space which is accessible to the rotamak-_ST
. : . apparatus. Already driven toroidal plasma currents in

of access to the second stability region for ballooning : o .

. . excess of 12000 A witl, /I, = 1.1 have been achieved.

modes. Even though the penetration of the RMF into the ; ' :

plasma (Fig. 7) is superior to that observed in rotamak- This work was _supported by a grant from the Australian

FRC discharges, calculations show that other current drivgesearch Council.

mechanisms must be operative in addition to the expected

RMF current drive. We note that, for the first time in

rotamak research, the amplitude of the RMF is a small[1] I.R. Jones, Flinders University, Adelaide, Report

fraction of the generated steady magnetic field; at each  No. FUPH-R-151, NTIS-PB85-133858, 1979.

point in thez = 0 plane it is less than 5% of the steady [2] I.R. Jones, inSmall Plasma Physics Experiments I,

field at that point. edited by S. Lee and P.H. Sakanaka (World Scientific,

The rotamak-ST discharge is slightly paramagnetic in §'”§al?°_:je’ 199?),Npp-l3Fand 22-7 L 1997

accordance with the expectations of Peng and Strickler% R D”g't);mesztuarét ;:C #u;z'r?rfeéh:sg?’( f?lg'%)

[7]. This can be seen from Fig. 8(a) which shows the 51 G A" Collins et L, Nucl. Fusion28, 255 (1983)

time hlstory of t.h_e ste_ad_y tor0|d_al magnetic fiekl, at [6] J.G. Hayes,NuméricaI Approxima,\tion to Functions and

a particular position within the discharge. Measurements' * pata (University of London, The Athlone Press, London,

of By(r,z,t) were made in the poloidal plane and the 1970), p. 84.

experimental data for = 53 ms were fitted to a two- [7] Y.K.M. Peng and D.J. Strickler, Nucl. Fusio?6, 769

dimensional surface. Figure 8(b) shows a sample of the  (1986).
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