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Results obtained on the Madison Symmetric Torus (MST) reversed-field pinch [Fusion
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Technol. 19, 131 (1991)] after installation of the design poloidal field winding are presente
Values of 85,0 =24 N To/B 5 (a) ~12% are achieved in low-current (I = 220 kA)
operation; here, n and T, are central electron density and temperature, and B, (a) is the
poloidal magnetic field at the plasma edge. An observed decrease in 8 4,, with increasing
plasma current may be due to inadequate fueling, enhanced wall interaction, and the growth of
a radial field error at the vertical cut in the shell at high current. Energy confinement time
varies little with plasma current, lying in the range of 0.5-1.0 msec. Strong discrete dynamo
activity is present, characterized by the coupling of m = 1, n = 5-7 modes leading to an m =0,
n = 0 crash (m and n are poloidal and toroidal mode numbers). The m = O crash generates
toroidal flux and produces a small (2.5%) increase in plasma current.

I. INTRODUCTION

The Madison Symmetric Torus' (MST) is a large re-
versed-field-pinch (RFP) device (R = 1.50 m, ¢ = 0.52 m)
differing in design from its predecessors in a number of ways.
It is comparable in size to the large, high-current RFP’s cur-
rently being built (ZTH? at Los Alamos National Laborato-
ry and RFX? at the Institute for Ionized Gases in Padua);
however, its iron-core transformer, with a maximum flux
swing of 2 Wb, limits the plasma current to values below 1
MA, making it a rather low current-density RFP. The 5 cm
aluminum shell acts as a vacuum vessel, single-turn toroidal
field coil and stabilizing shell—eliminating the vacuum liner
and separate toroidal field coils present in other RFP de-
vices. MST discharges have been maintained for up to 80
msec—over twice as long as in previous RFP experiments.
This paper presents results obtained with the design poloidal
field winding,! which was completed in January 1990. Re-
sults previously reported* were obtained with a temporary
poloidal field winding.

The limiting values of plasma parameters obtained to
date in MST are shown in Table I. Figure 1 displays wave-
forms for a long 450 kA discharge. MST is operated in
ramped mode,® in which the RFP dynamo increases the to-
roidal flux by a factor of 3 while the plasma current increases
to its maximum value. Both poloidal field and toroidal field
crowbars are then fired to maintain a 10-20 msec flat top.
Throughout the discharge, the reversal parameter
F=B,(a)/{B,) and pinch parameter © = B,(a)/{(B,)
are maintained constant (B, and B, are toroidal and poloi-
dal magnetic field, respectively); values of © tend to be

* Paper 217, Bull. Am. Phys. Soc. 35, 1942 (1990).
' Invited speaker.
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somewhat higher for a given F than on other RFP devices—
for example, © = 1.85 at F= — 0.15. A notable aspect of
the dynamo in MST is its tendency to increase the toroidal
flux, after edge field reversal has begun, in discrete steps.
This “discrete dynamo’ has been observed in other RFP
devices,*'° and is associated with magnetohydrodynamic
(MHD) tearing instabilities;''"** it will be discussed in some
detail in this paper.

MST is fueled with hydrogen using piezoelectric valves
that are opened just before the discharge is created. This
form of fueling, along with helium wall conditioning, allows
the density to be varied throughout the range
IX10" < I/N<14Xx10~** A-m, where N = ma®*{(n) is
calculated for a parabolic density profile. This range is typi-
cal for RFP experiments—the high-density boundary repre-
sents the onset of radiation in excess of the nominal level of
20% input power; the low-density boundary represents the
difficulty in striking a discharge at low fill pressures.

The remainder of this paper is divided into three sec-
tions: Sec. II presents the arguments used to scale RFP con-
finement to a large, high-current fusion reactor and sum-
marizes MST confinement results in the context of that
scaling; Sec. III presents experimental results associated
with the discrete dynamo; and Sec. IV is a summary.

TABLEI. Limiting values of plasma parameters achieved on MST in 1990.

7 < 600 kA
Vv, > 12V
T&o < 500 eV
T; < 400 eV
7 < 4% 10% cm 3
®© 1991 American Institute of Physics 2241
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FIG. 1. Waveforms from a long MST discharge: Applied toroidal voltage (a), resistive loop voliage (b}, plasma current (c), average and edge toroidal fields
(d), reversal parameter and pinch parameter (), and a ceniral-chord soft x-ray signal (f).

li. MST CONFINEMENT

The RFP is attractive as a potential fusion reactor for
three reasons: (1) It has high values of 8 = 2u,p/B?, where
p is the plasma pressure; (2) it has low magnetic field at the
toroidal field coils (and therefore small forces); and (3) it
may be Ohmically ignited in a compact size (the minor radi-
us of MST is equal to that of the TITAN reactor design'*).
The good energy confinement hoped to be present in a large,
high-current RFP is based on the premise, supported by
some smaller RFP experiments,'*’ that
Bo = 21, {p)/B} (a) may be maintained at values of 10% or
greater, independent of plasma current and size, MST isin a
unique position to evaluate RFP confinement at large size,
albeit at low current density.

To examine the dependence on plasma current and size,
one simply needs to rewrite the formula for energy confine-
ment time

rp=3p)ma’2aR /IV, (1)

in terms of plasma current /, size @, and parameters that are
independent of current and size. Here, R is the major radius
of the device and V), is the loop voltage, defined such that 7V,
is the total power input to the plasma that is not inductively
stored. One should note that, in an RFP, one can write
Vi =V, + V,pom» Where ¥, represents classical dissipation
and electron heating, and V., represents anomalous pow-
er absorption processes.'® It is also important to note that
V., is roughly a factor of 4 greater in an RFP than in a toka-

[

mak of the same size and plasma parameters because of the
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fact that a large poloidal current is present in the RFP; this is
sometimes termed the “screw-up” factor'® and allows the
RFP to have large Ohmic power densities even in the ab-
sence of an anomalous contribution.

To quantify the contribution of ¥, ., in a size-indepen-
dent fashion, it is traditional to define the enhancement fac-
tor Z*;

Z¥=V,/V (Z=1). (2)

Since Z * represents the enhancement of resistivity over that
of a purely hydrogenic plasma of the same temperature, it
includes both the effects of impurities (Z, ) and anomalous
resistivity. The plasma pressure {p) may be eliminated from
Eq. (1) by substituting B ,, which, combined with Eq. (2),
results in the form

Tr[sec] = 1.2X 107 %8, T¥*/Z*In A [meV]. (3)

Here, In A is the Coulomb logarithm. Favorable scaling re-
sults from the increase in T, with plasma current for con-
stant £, and Z *. This can be made explicit by replacing T,
with By and I/N, using the assumptions T, = T, and
{p) = po/2, where T, is the ion temperature and p, is the
plasma pressure in the center of the discharge. The first as-
sumption is qualified for MST by charge—exchange measure-
ments of T}, which fall in the range 0.64 < T,/ T, < 1.1 over
abroad range of plasma conditions; the second assumption is
not supported on MST because of the lack of profile informa-
tion. This results in a form of 7 in which all parameters
other than 7 and « are independent of size and current:
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Telsec) =7.3X10~ g3
X [BYU/NY?/Z*InA] [mAA-m]. (4)

If B, can be maintained constant at fixed values of I /N and
Z *, the RFP reactor will achieve large values of 7 at high
plasma current.

Twoexperimental resultsinfluence the choiceof I /N for
optimizing confinement. The first, shown in Fig. 2, is that
the loop voltage enhancement tends to be smallest at high
density (low I/N). MST and other RFP experiments!”?°
follow the relation Z * ~ 10'* I /N [ A-m]. The second result,
displayed in Fig. 3, is that B, tends to be highest at high
density (low I/N). This has also been noted in other RFP
experiments.'>”®  Although Fig. 3 displays By
= 2uon,Tu/B%(a) calculated from the central electron
temperature and density, ion temperature measurements in-
dicate that the total S, is likely to follow the same trend.

With the assumption that values of B4 = 10%, Z * = 3,
and I /N = 3X 10~ * A-m may be maintained independent
of plasma current and size, one arrives at a scaling relation
for energy confinement in the RFP:

7g[sec] = 0.0294°7%? [m,MA]. (5)

Using this relation, MST is projected to achieve 75 = 6 msec
at I = 0.8 MA, ZTH is projected to achieve 7 = 40 msec at
I =4 MA, and the TITAN design would have 75 = 550
msec at / = 18 MA. MST plays an important role in testing
this relation at large size and moderate current.

Values of B,,, obtained with a central Thomson scatter-
ing measurement are displayed in Fig. 4 for a set of dis-
charges in which density and plasma current were varied.
One can see that, on the average, S, tends to degrade with
increasing plasma current. The highest values consistently
obtained are Sy, = 12% at I =220 kA, I/N=4x10"'*
A-m. Since these are central measurements, they do not ac-
count for profile effects; data from ZT-40M?! indicate that
the pressure profile broadens with increasing current, such
that B, may not decrease as drastically as 3,,, . Nevertheless,

P S—— R

S » 10 15
I/N (x107"* A-m)

FIG. 2. Values of Z * for a set of discharges sorted into bins of constant 7 /N.
The plasma current ranged from 180-580 kA and the central density ranged
from 7% 10'* to 3X 10"* em ~*, The electron temperature and density were
measured with a Thomson scattering diagnostic in the center of the dis-
charge. A parabolic density profile is assumed in calculating the line density
N.
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FIG. 3. Values of Sy, = 2uon, Ty/B 5 (a) derived from central electron
temperature and density measured with a Thomson scattering diagnostic at
a fixed plasma current of 350 kA. A parabolic density profile is assumed in
calculating the line density N.

even a completely flat pressure profile would keep the bulk of
the high-current points below 10%. The lower 3,,, values at
high current may partly be due to the fact that the high-
current discharges do not have the low I /N values reached in
the low-current cases.

Energy confinement times, calculated using B, with
the assumptions T; = T, and (p) = p,/2, are displayed in
Fig. 5. Rather than displaying an %2 increase, 7 does not
vary greatly with plasma current. This is due to the degrada-
tion of B,,, with increasing current as well as the fact that the
high-current discharges tend to have larger loop volitages.
The observed value of 7p,~1 msec at I=220 kA,
I/N=4x10"" A-m is consistent with Eq. (5).

The lack of adherence to the RFP scaling relation equa-
tion (5) at high currents in MST may be due to a number of
factors: Lack of validity of the profile assumption
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FIG. 4. Values of By = 2uony T.o/B%(a) derived from central electron
temperature and density measured with a Thomson scattering diagnostic
for various values of plasma current and density.
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FIG. 5. Values of 7. = 3n, T,,47°a*R /21V, derived from central electron
temperature and density measured with a Thomson scattering diagnostic
for the set of discharges displayed in Fig, 4.

{p) = po/2, inadequaie fueling (resulting in larger 7 /N val-
ues), enhanced wall interaction (resulting in larger Z . and
loop voltage), and the appearance of an m = 1 radial field
error at the vertical cut in the shell. The effect of this field
error is demonstrated in Fig. 6. High-current discharges
have shortened length and enhanced loop voltages due to the
growth of this m = 1 field error. Both passive and active field
correction schemes are being pursued to correct this field
error; frozen hydrogen pellet injection and additional graph-
ite armoring will be utilized to address the fueling and wall
interaction issues; and installation of an 11-channel far in-

500

frared interferometer array, a scanning charge-exchange
analyzer, and a multipoint Thomson scattering system will
allow determination of the pressure profile,

ll. DISCRETE DYNAMO ACTIVITY

The RFP, like the tokamak, exhibits m = 1 MHD tear-
ing instabilities (here, m is the poloidal mode number and n
is the toroidal mode number). In the RFP, this activity is
associated with the conversion of poloidal flux to toroidal
flux—the MHD dynamo. In the case of MST, as can be seen
in Fig, 1, the dynamo often generates toroidal flux in discrete
events, which have been measured to correspond to the cou-
pling of resonant internal modes. Following a brief summary
of RFP tearing mode physics, this section will present ex-
perimental observations associated with the discrete dyna-
mo activity in MST.

Figure 7 displays typical g(r) = rB,/RB, profiles for a
tokamak and an RFP with the aspect ratio of MST. Unlike
the tokamak, which tends to have a single resonant m = 1,
n =1 mode in the interior, the RFP has several resonant
i = 1 modes, such as 7 = 5,6,7 for the case of MST. Toka-
mak internal disruptions may eliminate the m =1, n =1
resonance by raising ¢(0) to values greater than unity; RFP
internal disruptions are thought to stabilize, but not remove,
the resonant m = 1 modes by raising ¢(0).2

The many resonant m = 1 modes present in the RFP
provide fertile ground for nonlinear coupling. In general,
modes may couple with mode numbers satisfying the rela-
tion

(mu) 4+ (' wYy—-(m—mn—n')+ (m+mn+n),

(6)
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FIG. 7. Typical profiles of ¢(r) = rB,/RB,, for a tokamak and an RFP with
an aspect ratio R /a = 3 corresponding to MST.

which accounts for the generation of toroidal flux
(m —m’' =0,n — n’ = 0) if one considers the self-coupling
of m = 1 modes. MST has a number of diagnostic arrays that
are used for mode studies: Two poloidal and one toroidal
array of edge magnetic coils (allowing measurement of
modes with numbers up to m = 8, n = 32), a “dense” array
of edge magnetic coils spaced 1 cm apart for local measure-
ment of high m,n mode amplitudes, and an array of surface
barrier diodes that measure soft x-ray (SXR) emission
through 7.6 um Be filters and are used for tomographic re-
construction of emissivity in the interior. Bispectral analy-
sis”® of magnetic signals is used to identify nonlinear cou-
pling between modes.

One of the issues connected with the discrete dynamo is
the question of underlying continuous dynamo activity—is
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FIG. 8. Plasma current (a), average toroidal field (b), and toroidal field at
the plasma edge (c) in a time interval encompassing two discrete dynamo
events, along with RFPBURN simulation results.
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the period between discrete dynamo events influenced by
continuous generation of toroidal flux, or does the toroidal
flux simply decay at a rate given by the plasma resistivity?
Figure 8 displays the results of a transport simulation using
the REPBURN code,?* in which the decay of the toroidal flux
and edge toroidal field are successfully modeled with a resis-
tivity profile

N(r) =1 (4 + Je 77D~ N

where 7, is given by the Spitzer formula with the measured
central temperature 7,, = 250 ¢V and Z = 2. The code
maintains a toroidal voltage that matches the measured ex-
perimental value. The resistivity profile given by Eq. (7)
would represent, if classical, a very peaked electron tempera-
ture profile, which is not expected; it likely incorporates an
anomalous contribution to resistivity. It appears, however,
that the effect of a continuous dynamo, if it exists, is to raise
the plasma resistivity to the anomalous level measured; the
fields decay on the magnetic diffusion time scale given by
that resistivity.

In many cases, m = 1 modes are observed to rotate
between discrete dynamo events.”'® Mode analysis of the
full toroidal magnetic array indicates that the 10~20 kHz
rotating m =1 disturbance is composed primarily of
n =5,6,7 components. These components rise in amplitude
prior to the dynamo event, at which time nonlinear coupling,
which obeys Eq. (6), is observed to occur by means of bi-
spectral mode analysis. The m = 1 rotation is evident in
Fourier-Bessel tomographic reconstruction®® of soft x-ray
signals, as displayed in Fig. 9. The m = 1 modes sometimes
become stationary, at which time the m = 1 radial field at
the vertical gap in the shell grows, as shown in Fig. 6. The
longest discharge durations are achieved when the m =1
modes continue to rotate.

540 - 95

9»'640 4
@);

‘

FIG. 9. Contours of soft x-ray emissivity reconstructed from signals that
have been digitally high-pass filtered (f, = 5 kHz) to emphasize the m = 1
structure rotating with frequency around 12 kHz during a period between
discrete dynamo events. Positive/negative levels are indicated with solid/
dashed contours. The times in the discharge are shown in msec. Fourier—
Bessel tomographic reconstruction is used with two radial modes and
m=0,1.
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An unexpected aspect of the discrete dynamo is the sud-
den increase in plasma current of typically 2.5% during the
m = O crash. As the dynamo is expected to convert poloidal
flux to toroidal flux, this observation appears contradictory;
however, a redistribution of toroidal current can increase the
net toroidal current while decreasing the net poloidal flux.
For a given toroidal current density perturbation profile,
8j4(r), the resulting change in plasma current and poloidal
flux ¥, may be written

A!ocf dr rj,(r), (8)
(4]
and
A\y(,«f dr_l-f dr r8j,(r). 9)
O r Jo

The dynamo crash is expected to stabilize tearing modes by
flattening j, (r); i.e., §j, is expected to be negative near the
plasma center and positive at outer radii. Test &, profiles
may be easily constructed that have this characteristic and
render A7 > 0 with AV, <0, due to the different 7-weighting
of the integrands in Eqgs. (8) and (9).

IV. SUMMARY

MST operation is characterized by strong discrete dyna-
mo events that occur from the time of toroidal field reversal
up to or past the time of peak current; these events are re-
sponsible for the increase in toroidal flux during this time,
with resistive decay of the toroidal flux and edge toroidal
field occurring during the period between them. The pres-
ence of unstable m = 1 modes, with characteristic toroidal
mode numbers # = 5-7, and nonlinear coupling leading to
an m = O crash are consistent with MHD tearing mode pre-
dictions.'''?

In its first nine months of design operation, MST has
achieved 80 msec pulse lengths with values of B, as high as
12% at low values of I and I /N with a corresponding energy
confinement time 7, = 1 msec. Energy confinement at high
current may be limited by the appearance of an m = 1 radial
field error at the vertical gap in the shell assaciated with the
locking of m = 1 modes, enhanced wall interaction associat-
ed with high-current operation, and inadequate fueling to
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achieve low I /N values at high current. These issues are cur-
rently being addressed on MST.
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