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ABSTRACT. We report experiments on plasma equilibrium and stability in the 
Scyllac full torus, and in earlier 5-m and 8-m toroidal sectors. In all of 
these experiments the outward toroidal drift was compensated by a combina
tion of £=1 helical and 1=0 bumpy fields generated by shaping the inner 
surface of the compression coil or by driven SL=1 windings. Time resolved 
measurements of the gross plasma column motion, plasma radius, excluded 
flux, external magnetic field, plasma density, electron and ion tempera
tures, and plasma beta have been made. Preliminary results show that the 
plasma behavior in the 8-m sector and the full torus (both with major ra
dius R=4 m), is qualitatively the same, with a well-defined, theta-pinch-
type plasma column being formed in both cases. No plasma shredding or ev
idence of microinstabilities is seen, and no m>2 modes have been observed. 
The plasma confinement lasts typically 6-10 ps, and is terminated by a 
long-wavelength, m=l type motion which carries the plasma column to the 
wall with an effective growth rate of 0.5-1.0x10" s~ . Photographs from a 
360° framing camera mounted on the torus axis show this motion to consist 
of at least n-0,1, and 2, where m and n describe motions of the form exp 
i(m9-nz/R). A net toroidal current of 1-1.5 kA flowing opposite to B0 has 
been measured; this current appears to be too small to account for the ex
perimental growth rate in terms of the current-driven Kruskal-Shafranov 
mode. 

I. INTRODUCTION 
Scyllac [1,2,3,4] is a large-aspect-ratio toroidal theta-pinch experi

ment. The main objective of Scyllac is to study methods of producing sta
ble, high-beta plasma confinement in a torus, with the ultimate goal of 
developing a fusion reactor. The fundamental idea behind Scyllac is to bend 
a theta pinch into a toroidal configuration as nearly similar to a linear 
theta pinch as possible, in order to retain the advantages of the straight 
geometry (i.e. neutral stability and a proven method of plasma heating), 
while eliminating particle end-loss. 

When a straight theta pinch is bent into a torus, the combination of 
plasm* pressure and the gradient of the compression field B0 produces an 



outward (hoop) force FR * 3 B02 a2/4R per unit length, where R is the tor
us major radius, a is the minor radius, and 3 is the ratio of plasma pres
sure to the confining magnetic-field pressure. In Scyllac, plasma equi-
librium[5,6] is achieved by superimposing on B0 small components of £=1 
(helical) and £=0 (axisymmetric, bumpy) fields, where £ describes magnetic 
fields varying basically as sin(£9-hz). In this so-called £=1,0 configur
ation [7], FR is compensated by an axially uniform opposing force Fj Q = 
[6(3-26) /8J Bg h2a36;i60 per unit length, where h = 2TI/X is the common £=1 
and £*0 wavenumber (ha = e « 1), and S± and &Q are the corresponding 
first-order perturbations of the plasma surface: r = a[l + 6^ cos(6-hz) -
50 cos hz], with Si = (BJl=1/B0)/[e(l-8/2)J and 60 = (BJl=0/Bo)/[2(l-6)]. 
The applied perturbation field amplitudes B£=1 and B£ =Q are determined by 
the plasma equilibrium condition, &i&0 - 2/[(3-23)h2aR]. 

One consideration in choosing the £=1,0 configuration for Scyllac is 
the theoretical stability [5,7,8], in leading order in the helical field 
quantities, to the gross, sideward m=l mode. In higher order the m-1 mode 
is predicted to be weakly unstable. Long wavelength modes of this type 
are observed in Scyllac, and an MHD stabilization system [7,9,10] has been 
developed. Experiments employing this feedback system are scheduled to 
begin in the near future. 

II. EXPERIMENTAL ARRANGEMENT 
A. The Device. Prior to its conversion to a full torus, which was 

begun in early 1973 and completed in April 1974, Scyllac was operated 
first as a "5-meter sector" experiment [1,2], with major radius 2.375 m, 
subtended angle 120°, and coil arc length 5.00 m, and subsequently, in
cluding part of the time during conversion, as an "8-meter sector" exper
iment [3,4], with major radius 4.00 m, subtended angle 120°, and coil arc 
length 8.38 m. The major radius in the full torus is also 4.00 m. In 
each case the discharge tube was made of clear fused quartz with an inside 
diameter of 88 mm. In the two sector experiments, the discharge tube was 
made in one piece and pumped at both ends. In the full torus experiment 
the discharge tube consists of 10 identical 2.5-m toroidal quartz sections 
connected by 0-ring seals to 10 ceramic 
tee-sections pumped through a common 
manifold. Typical filling pressures 
are 5-20 mtorr D2, and preionization 
is by means of a ringing 400-kHz 
theta-pinch discharge from a 50-kV, 
1.8-kJ/m capacitor bank. 

In the 8-m sector and full-
torus experiments each 1.67-m section 
of the compression coil (cf. Fig. 1) 
was driven by a 700-kJ capacitor 
bank (rack) containing 210, 1.85-yF, 
60-kV capacitors. The £=1 and £=0 
fields were produced by machining 
the inner surface of the compression 
coil (see Fig. 2) to coincide with 
the desired £=1,0 flux surface. The 
£-0 field causes the magnetic field 
strength to be z-dependent. We de
fine a position of maximum field 
strength as a "land" region (B = BQ 

+ Bfc«0), and a position of minimum Fig. 1. Plan view of Scyllac tor-
field strength as a "groove" region u s showing the various diagnostic 
(B • B0 - B£. Q ) . Other parameters viewing slots and vacuum pump-out 

ports. 



Fig. 2. Photograph of a section 
of the Scyllac £=1,0 shaped com
pression coil (Bj,=o/B0=0.08, 
BA=l/ Bo = 0' 0 8> *=33.2 cm, R=2.375 
m, 5-m sector experiment). 

are listed in Table I. 
B. Diagnostics. Plasma char

acteristics have been determined by 
optical diagnostics, magnetic flux 
probes, and neutron detectors. 
Most measurements have been made in 
both land and groove positions, to 
study local plasma variations re
sulting from the superposed £=0 
field, and at different positions 
around the torus, to determine gen
eral uniformity at equivalent geo
metrical locations over the entire 
25-meter circumference. Figure 1 
shows the full-torus layout of 
access ports. New diagnostics on 
the full torus are: 

(1) Electron temperature is 
measured by 90° Thomson scattering 
of a ruby laser beam with a unique 
three-stage polychrometer having 
sufficient stray laser-light rejec
tion that no special entrance or 
exit ports are required for the la
ser beam in the quartz discharge tube [11]; 

(2) Spatially and time-resolved absolute density profiles are obtain
ed with a side-on holographic interferometer using the 2.87 um radiation 
of a hydrogen-fluoride laser, in order to maximize sensitivity with a 
wavelength transmittable through quartz [12,13]; 

TABLE I - Scyllac Parameters 

Parameter 

Torus major radius (m) 
Avg. coil bore radius (cm) 
Bank voltage (kV) 
Bank capacitance (yF) 
Bank energy (MJ) 
Transfer efficiency 
Eg(V/cm at 4.4 cm and 50 kV) 
Rise time (T/4, usee) 
Crowbar time (L/R, Msec) 
Avg. field B0 (kG @ 50 kV) 
B£«l/B0 

Ba-0/Bo _i 
h(£=l,0 wavenumber, cm ) 
\ltQ(lk=l,0 wavelength, cm) 
No. of £=1,0 '..avelengths 

5-m sector 

2.375 
7.21 - 10.25 
60 
971 
1.75 
0.71 - 0.80 
280 - 510 
3.5 - 4.0 
^250 
36 - 50 
0.060 - 0.096 
0.071 - 0.220 
0.19 
33.15 
15 

8-m sector 

4.00 
8.0 
60 
1,942 
3.5 
0.86 
470 
4.1 
-V250 
50 
0.0683 
0.0683 
0.15 
41.89 
20 

Full torus 

4.00 
7.1 
60 
5,823 
10.5 
0.82 
570 
3.7 
<\,250 
51.5 
0.064 
0.064 
0.15 
41.89 
60 

(3) Net toroidal currents are measured with an 80-turn Rogowski coil 
mounted around the quartz discharge tube inside the theta-pinch compres
sion coil. An extraneous component of B z pickup is nulled-out in vacuum 
using a differencing circuit of the excluded flux, loop-probe type, and a 
small Bz search coil; 

(4) A fast, 360° optical system on the torus main axis images six top 
slits, almost uniformly distributed around the torus, onto a single image-
converter framing camera. This camera permits precise determination, at 



one instant in time, of the toroidal mode structure (superposition of wave-
numbers) of gross plasma column motion away from equilibrium. 

Ill, RESULTS IN THE 5-M AND 8-M SECTOR EXPERIMENTS 
In initial 5-m sector experiments with driven 1=1 windings [1] the 

measured value of the field product Bg^i B£=0/B
2 required for plasma equi

librium was found to be in good agreement with sharp boundary theoretical 
predictions. In subsequent 5-m and 8-m sector experiments with fixed field 
ratios, [4] (cf. Fig. 2), an experimental equilibrium was achieved by vary
ing the plasma 3 (by varying the filling pressure and/or bank charging vol
tage). Plasma confinement times were typically 7-10 us (Figs. 3 and 4). 
Detailed measurements of the plasma radius, beta, and magnetic field as 
functions of time showed that the plasma required 4-6 lis to achieve axial 
pressure; equilibrium [nkT = constant; i.e. (BQ/BT) 2 = 8I/3G» where L and G 

refer tc land and groove positions, respectively]1 as shown in Fig. 4. The 
average value of beta, <B> = (3L+6Q)/2, measured in the experiment is in 
reasonably good agreement with the predictions of sharp boundary equilib
rium theory, based on the measured average value of plasma radius, <a> = 
(aL + ae)/2 (cf. Fig. 4). 

In all sector experiments the plasma confinement was usually termina
ted by an m=l motion which carried the column to the wall with an effective 

fi 1 
growth rste of 0.5-1.0 x 10° s_x. The plasma column remained near the axis 
for 7-10 us in the 8-m sector, on the average, compared with 4-7 us in the 
5-m sector, as determined from many streak photographs. As a consequence 
of the helical plasma displacement, the plasma would usually strike the 
wall first in a land region when moving outward, and first in a groove re
gion when moving inward. 

These experiments have confirmed in detail that a toroidal equilibrium 
was achieved in both the 5-m and the 8-m Scyllac toroidal sector configur
ations, that the equilibrium values of magnetic field, plasma radius, and 
beta are well predicted by sharp-boundary MHD theory, and that the £=1,0 
equilibrium is not. critically dependent upon the purity of the applied per
turbation fields. 

IV. RESULTS IN THE FULL TORUS 

A. Plasma Parameters. Experiments in the full torus commenced in 
June, 1974. Streak photographs show that the plasma forms a well-defined 

8-m sector 

M 
T 

Full torus 

L 
12,1X3-
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Fig. 3. Streak photographs comparing plasma motion in the 8-m sector and 
full torus experiments. G-Groove, L-Land (views from top, showing motion 
in torus plane); F-Front (halfway between L and G, showing motion perpen
dicular to torus plane). 



'8-m sector Full torus 

Fig. 4. Graphs of measured and theoretical parameters as functions of time 
describing the Scyllac plasma equilibrium in the 8-m sector and full torus 
experiments. Data points are averaged over four or more discharges. 

column, with motion similar to that seen earlier in the sector experiments 
(cf. Fig. 3). General plasma parameters (radius, beta, density, etc.) are 
also similar to those previously found in the sector experiments. Figure 
4 shows preliminary results of axial pressure equilibrium and toroidal 
force balance in the full torus (not the best confinement discharges ob
tained). Results from the side-on HF laser holographic interferometer are 
shown in Fig. 5. 

At a time of 3.5 ys, the HF laser givas a value of electron density on 
axis in a groove as 2.5 x lO1^ cm~3. At the same time, Thomson scattering 
gives Te i> 500 eV (the same result as in the 8-m sector experiment), and BG 

and BQ are ^0.95 and 38 kG, respectively. From pressure balance the total 
temperature is therefore ̂ 1.3 keV, and hence T^ ̂  0.8 keV. In a land the 
measured density is lower and the temperature higher. Overall neutron 
yield per unit length is about the same in the torus and 8-m sector experi
ments, *> 105 n/discharge/cm of plasma length. 

The torus parameters are thus generally similar to those found earlier 
in the sector experiments, the plasma achieving a toroidal equilibrium with 
parameters we.ll-described by sharp-boundary theory, and then moving to the 
wall (either inward or outward) with an m*l type motion which terminates 



Fig. 5. Left, HF 
laser holographic 
interferogram (A > 
2.87 pm, At * 100 
ns) of plasma off
set from tube cen
ter. Each fringe 
yields a (nomi
nally identical) 
profile. Right, 
averaged plasma 
fringe profile, 
Indicating ^.1 
fringe (/nd2. = 7 
x 1 0 " cm" ) reso
lution. 

the confinement after 6-10 ys. 
B. Experiments with Axial Current. A net axial (i.e., toroidal) 

plasma current of 1-1.5 kA peak amplitude has been measured in the Scyllac 
torus by means of a nulled Rogowski coil (cf. Sec. II.B) mounted around 
the discharge tube. The current appears to rise in two stages, *v 50% in 
the first few hundred ns (comparable to the plasma implosion time), and 
**» 50% in the following *v* 4 ys (comparable to the rise time of B Q), cf. 
Fig. 6. This current exceeds the Kruskal-Shafranov limiting current (̂ 500 
A for 40 kG and 1 cm radius), indicating instability to current-driven kink 
modes. However the streak cameras showed little evidence of vertical motion 
(out of the toroidal plane), and the theoretical growth rate [14] (YKS ^ 
0.1-0.2 x 106 s"1) is smaller than the observed m«l growth rate CYI ^ 0.5-
1.0 x 10° s _ 1 ) . 

A single-turn, capacitor-driven loop around the 25-m circumference of 
the torus was used to induce axial current, either aiding or opposing Iz, 
in the plasma. This current has an amplitude of ̂  1.3 kA, and was applied 
in either a slow (T/4 I> 15 ys) or a fast (T/4 ^ 2 ys) mode. Figure 6 shows 
the results in the slow mode, for currents which oppose (1799) and aid 
(1805) Iz. There is a tendency for the plasma to carry a constant current, 
although 1799 shows a reduction of approximately one-third in I z for the 
"opposing" case. Preliminary results in the fast mode have demonstrated 
the cancellation of Iz, and in some discharges a reversal in the sign of 
Iz, without a noticeable effect on the plasma behavior. 

C. Experiments to Measure Toroidal Mode Structure. Streak cameras 
reveal the following plasma behavior: when the plasma beta is close to the 
value required for equilibrium (@ is varied by varying the filling pres
sure), the terminating m«=l motion usually carries the plasma to the inside 
wall at some point and to the outside wall ^ 180° away. If 8 is too low 
for equilibrium, the plasma hits the outer wall at many points and if 8 is 
too high for equilibrium the plasma hits the inner wall at many points. 

A more precise determination of this motion at one instant in time is 
provided by the 360° framing camera. Sample data are shown in Fig. 7. The 
six data points permit a determination of the amplitude of the constant 
term (n-0) and the amplitudes and phases of the next two harmonics (n»l,2) 
of the plasma displacement, by a least-squares fit with one degree of free
dom [here n is the axial mode number defined by exp i(m9-nz/R)]. Further, 
the fitted curves generally differ from the six framing-camera data points 

Plasma Fringe Shift 
T-1.0 
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Fig. 6. Top trace, axial magnetic field (5 Us/div), bottom trace, axial 
current (5 Us/div). Each trace starts at preionization (PI) time, i.e., 
**» 25 ps prior to firing the main bank. 1796 shows a typical spontaneous 
Ij. current trace (max. 1.3 kA). 1799 shows the effect of inducing 1.3 kA 
in the FI plasma parallel to lz. 1805 shows the effect of inducing 1.3 kA 
in the PI plasma parallel to Iz. 

by more than the measurement errors would permit, based on the chi-square 
test. It is therefore concluded that the plasma displacement must consist 
of more than n*0,l, and 2 harmonics. The theoretical growth rate, 
Y2(n)/h2v| « Y%Q~)/hzvl - (2-g)n2/M2, [7] predicts modes up to n=6 with 
approximately equal growth rates for the first three harmonics, vhere M = hR 
is the number of £=1,0 wavelengths around the torus (60 in the present ex
periments), and V A is the Alfven speed. The nonreproducibility of the 
plasma motion from discharge to discharge may be just the result of random 
phase variations among the modes. The randomness of the motion requires 
(2n+l) simultaneous viewing slots to measure n harmonics. Efforts are 
underway to measure more positions around the torus on a single discharge. 

V. METHODS OF STABILIZATION 
Assuming that the plasma motion is the instability described by MHD 

theory {5,6,7,8] and indicated in the Scyllac sector [A] and linear &*1 ex
pert? nts [16,17], it should be possible to stabilize the plasma column 
either by feedback or wall stabilization. Since the ratio b/a of wall and 
plasma radii is too large for wall stabilization in the present experiment, 
we have chosen £"0 feedback control [7] for experiments in preparation. 

A. Feedback Stabilization. A feedback-controlled perturbation 60
FB 

is applied to produce a restoring force Ff B
0 • [g(3-26)/8] B0

2h2a36x6gB i n 

opposition to the destabilizing force Fy "'wa^pY^, where Y is the growth 
rate of the m-1, k«0 instability, and £ is the unstable displacement of the 
helical plasma column. The feedback field B|^Q is generated by an arrange
ment of feedback coils about the minor toroidal axis, four per A«1,0 wave
length, J, Q, with alternate pairs connected in opposition to the feedback 
power amplifiers described in [9]. The force *i Q has been demonstrated [17] 
and found to be in agreement with sharp-boundary'MHD theory [7]. 

The present feedback power amplifiers and &**0 feedback coils are cap
able of producing a sinusoidal B|^Q of 350 G amplitude at X^ n * 63 cm with 
overall time delay T from the optical plasma-motion detectors of about 1.4 
lis. Calculations [18] which take account of T and assume optimized velocity 
(£) control show that overall stability occurs for yx £ 1.0, but a practical 
system requires a smaller value. In an £-1,0 Scyllac experiment it can.be 
shown [19] that for X 1 > 0 - 27ra[(4-30)(3-23)(2-3)

2/16(l-B)2]l/6 (RSj/a)1'3, 
Y is minimized. It appears that the feedback stabilization conditions 
F? B

0 - FY(C-1 cm) and YT^O.A can be met for Xi 0 • 63 cm, 6V*1, B0«15 kG 
jaA 0*0.65. * 

HfcA-itt ^-B^-gc^ 

http://can.be


B. Wall Stabilization. It has been 
shown [8,20.21,22] that the plasma can 
be stabil' when the ratio b/a has a 
value be .in 2 and 3. A sicple physical 
interpretation [22] of this high-p" wall-
stabilization is that the external £«1 
dipole field of the helical plasma col
umn is increased by wall image currents 
due to plasma displacement which provide 
a restoring force proportional to afyb^, 
independent of the orientation of the 
dipole. 

A program of "staged" 6-pinch ex
periments has been undertaken to produce 
low-compression plasmas. The first such 
experiment is the linear, 4.5-m staging 
experiment [23]. We anticipate that 
this will be followed by a low-compres
sion staged toroidal experiment with 
B*0L2 m„ utilizing wall stabilization. 

VI. 

306° 

Fig. 7. 360° framing camera 
photograph of instantaneous 
(t » 5.3 us) plasma position 
(bright spot) in the plane of 
the torus, at six different 
circumferential locations. 
Viewing slits are externally 
illuminated and the outer tube 
wall is toward the center of 
the photograph. 

DISCUSSION 
From the observations reported 

here, the following main conclusions 
are drawn: 

(1) The theta-pinch implosion and 
compressional heating processes are un
affected by the toroidal curvature, S,=l 
and £"0 fields from the shaped coil, or absence of ends. 

(2) The plasma column takes up a bumpy and helical equilibrium shape, 
as predicted by theory, and remains confined near the axis for 6-10 us in 
both the sector and full torus experiments. 

(3) Detailed measurements of the plasma radius, beta, and magnetic 
field as functions of time in both land and groove regions show that the 
plasma attains equilibrium parameters well-described by sharp-boundary MHD 
theory. 

(4) A toroidal current of 1-1.5 kA opposite to BQ is excited by the 
main bank discharge, and has been successfully cancelled and reversed by 
the application of an equal and opposite bucking current in the fast mode. 

(5) Although the onset times of the m«l motion in the two sector ex
periments scaled as their respective lengths, similar plasma behavior in 
the full torus precludes end effects as the mechanism. The observed long 
wavelength behavior is compatible with planned feedback and wall-stabiliza
tion experiments. 
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