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Abstract

REDUCING AND MEASURING FLUCTUATIONS IN THE MST RFP:
ENHANCEMENT OF ENERGY CONFINEMENT and MEASUREMENT OF THE MHD
DYNAMO.

A three- to five-fold enhancement of the energy confinement time in a reversed-field
pinch (RFP) has been achieved in the Madison Symmetric Torus (MST) by reducing the
amplitude of tearing mode fluctuations responsible for anomalous transport in the core of the
RFP. By applying a transient poloidal inductive electric field to flatten the current density
profile, the fluctuation amplitude b/ B decreases from 1.5% to 0.8%, the electron temperature
T, increases from 250 eV to 370 eV, the ohmic input power decreases from 4.5 MW to
approximately 1.5 MW, the poloidal beta 8y increases from 6% to 9%, and the energy
confinement time Tg increases from 1 ms to ~5 ms in Iy = 340 kA plasmas with density
Ai = 1x10”m™>, Current profile control methods are being developed for the RFP in a
program to eliminate transport associated with these current-gradient-driven fluctuations. In
addition to controlling the amplitude of the tearing modes, we are vigorously pursuing an
understanding of the physics of these fluctuations. In particular, plasma flow, both
equilibrium and fluctuating, plays a critical role in a diversity of physical phenomena in
MST. The key results: 1) Edge probe measurements show that the MHD dynamo is active
in low collisionality plasmas, while at high collisionality a new mechanism, the “electron
diamagnetic dynamo,” is observed. 2) Core spectroscopic measurements show that the
toroidal velocity fluctuations of the plasma are coherent with the large-scale magnetic tearing
modes; the scalar product of these two fluctuating quantities is similar to that expected for the
MHD dynamo electromotive force. 3) Toroidal plasma flow in MST exhibits large radial
shear and can be actively controlled, including unlocking locked discharges, by modifying E,
with a robust biased probe.

1. INTRODUCTION

A three- to five-fold enhancement of the energy confinement time in a
reversed-field pinch (RFP) has been achieved in the Madison Symmetric Torus
(MST) by reducing the amplitude of tearing mode fluctuations responsible for
anomalous transport in the core of the RFP. By applying a transient poloidal
inductive electric field to flatten the current density profile, the fluctuation
amplitude /B halves, the electron temperature T, increases, the ohmic input
power decreases, the poloidal beta By increases from 6% to 9%, and the energy
confinement time 7Tg increases from 1 ms to ~5 ms in [y = 340 kA plasmas. The
ion temperature is unchanged, so the ion to electron temperature ratio decreases
as might be expected from reduced anomalous ion heating associated with
reduced fluctuations. Additionally the radiated power, including bremsstrahlung
and H,, are reduced ~50%, indicating that the plasma is cleaner and that the
global particle confinement time is substantially increased. At I, = 440 kA, a
record high (for MST) electron temperature T,y = 600 €V is obtained, although
at somewhat lower beta (Bg = 7.5%) but with similar energy confinement (7g ~ 5
ms). A robust feature of inductive poloidal current drive is the elimination of
sawtooth oscillations. In our first inductive poloidal current drive experiments
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[1], the magnetic fluctuation amplitude was maintained at the low “between-
sawtooth-crash” value when inductive poloidal current drive was present. With
improved current drive (longer duration and more uniform amplitude), the
fluctuation amplitude in many discharges falls below the between-sawtooth-crash
value, and the parameters listed above are achieved. An intriguing and
encouraging aspect of these experiments is that only modest inductive poloidal
current drive (about 25% of the total poloidal current) was required to produce
low fluctuation amplitudes.

In addition to controlling the amplitude of the tearing modes as described
above, we are vigorously pursuing an understanding of the physics of these
fluctuations. In particular, a series of experiments has been carried out in the the
RFP to measure the dynamo electric field parallel to the equilibrium magnetic
field. This dynamo arises from the correlation between the fluctuating flow
velocity and magnetic field. In the edge plasma, the fluctuating flow velocity is
obtained from probe measurement of the fluctuating Ex B drift and the electron
diamagnetic drift [2]. In low collisionality edge plasmas the pressureless MHD
dynamo appears to be active (the fluctuating velocity is dominated by the ExB
drift), while at high collisionality, a new “electron diamagnetic dynamo” is
observed (the fluctuating velocity is dominated by the diamagnetic drift) [3].
Since probe techniques cannot access the core plasma or measure the plasma
velocity directly, we are employing spectroscopic Doppler measurements of
impurity ions to achieve these goals. The toroidal velocity fluctuations in the
core plasma and the core tearing mode magnetic fluctuations exhibit coherence
below ~15 KHz, indicating that both these quantities are large-scale MHD
fluctuations of the order of the plasma size. The velocity fluctuation amplitude
and the magnetic fluctuation amplitude grow in magnitude and peak at the
sawtooth crash. The scalar product of |6,| and |5 | exhibits the sawtooth cycle
time variation expected for the dynamo electromotive force in MST. In addition
to the dynamo, plasma flow also plays a critical role in a diversity of physical
phenomena in MST, e.g., magnetic mode rotation and locking, and radial electric
field profiles.

2. POLOIDAL INDUCTIVE CURRENT DRIVE FOR FLUCTUATION REDUCTION

In conventional RFP operation, an inductive electric field applied
toroidally drives the plasma current. In this experiment, we also apply an
inductive poloidal electric field. When this field is applied, the electric field
parallel-to-B is increased most in the outer region of the plasma (where the
magnetic field is largely poloidal). This facilitates current profile flattening for
fluctuation suppression. Inductive poloidal current drive is inherently transient
since it produces a changing toroidal flux ®, in the plasma volume. The
observed improvements last as long as poloidal current drive is present. To
distinguish poloidal inductive current drive from conventional RFP operation and
as a reminder of the transient nature of this current drive technique, we refer to
this experiment as pulsed poloidal current drive (PPCD). With PPCD, the
magnetic fluctuation amplitude drops to roughly half its normal value, the
electron temperature increases to a record high (for MST) of ~600 eV, and the
plasma resistance dramatically decreases. As a result of the decreased plasma



resistance and increased stored thermal energy, the global energy confinement
time is dramatically increased. )

The waveforms of the poloidal and toroidal components of the electric
field E, and E, (measured at the plasma surface), the current /,, the average
toroidal magnetic field (B . =® /ma’, and the toroidal field at the surface B(a)
during a PPCD experiment are shown in Fig. 1. The shaded region indicates the
time during which the PPCD programming is applied. In the first PPCD
experiment [1], the E, drive was a single, triangular shaped pulse. Figure 1
illustrates the recently improved PPCD programming that provides a series of
four smaller pulses. The improved system drives poloidal current more
uniformly throughout the PPCD phase and reduces the plasma-wall interaction,
since the E, amplitude does not need to be as large. Also, PPCD lasts longer,
maintaining the beneficial effects observed in the first experiment for a longer
period of time. The sharp negative spikes in £, both before and after PPCD are
associated with plasma-generated toroidal flux from spontaneous sawtooth
(discrete dynamo) events (see Fig. 1c). The E, spikes during these events are a
result of the passage of toroidal flux through the poloidal break in the
conducting shell surrounding the plasma. In contrast, PPCD is a controlled
increase in the poloidal current through application of positive £,
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Fig. 1. Waveforms of (a) the surface electric field components, inferred from loop voltages,
(b) the toroidal plasma current, and (c) the toroidal magnetic field during PPCD.
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A key result of improved PPCD is a greater reduction of the magnetic
fluctuation amplitude, resulting in more dramatic improvements in energy
confinement and other measures of plasma quality. The spatial rms magnetic
field fluctuation measured in an improved PPCD discharge by a toroidal array of
32 pickup coils on the plasma surface is shown in Fig. 2a, normalized to the
equilibrium field strength. (The dominant wavelengths that compose this
fluctuation are m = 1, n = 6-10 modes.) Before PPCD is applied, the fluctuation




amplitude cycles with the sawtooth oscillation. PPCD suppresses sawtoothing, and
the fluctuation amplitude first grows slowly and then decreases. Sawteeth are
suppressed in virtually all PPCD discharges, but the fluctuation amplitude most
often holds at the “between sawtooth crash” value. With improved PPCD
programming, the fluctuation amplitude in some discharges (like that of Fig. 2) is
reduced below the sawtooth cycle minimum value to record low values. During
these periods of very low fluctuation, the improvements in the plasma are most
dramatic. The parallel electric field E,=E -B /B measured at the plasma surface
is shown in Fig. 2b to emphasize the relationship of reduced magnetic fluctuation
and poloidal current drive. While poloidal current is driven by PPCD, the
fluctuation amplitude is small.
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Fig. 2. The (a) spatial rms magnetic fluctuation and (b) the parallel electric field measured at
the plasma surface during a PPCD discharge formed with improved poloidal current drive.

In a conventional RFP, the tearing fluctuations generate large overlapping
magnetic islands that destroy closed magnetic surfaces. The measured
fluctuation-induced heat and particle fluxes in MST are large in the plasma core
(inside the reversal surface) where the tearing modes resonate [4,5]. During
inductive current profile control, the fluctuation amplitudes are reduced and fall
near or below estimated island overlap thresholds. It is possible that closed
magnetic surfaces form, although the residual fluctuations still produce closely-
spaced islands of width w/a ~ 0.05 (about 80% of that required for island
overlap).

The global energy confinement time T increases during PPCD as a result
of both increased stored thermal energy and decreased plasma resistance, i.e.,
decreased ohmic input power P,uy;.. The shot-averaged line density 7, central
electron pressure n.9 kT.0 Popmic, mean-squared magnetic fluctuation 5, and H,




radiation for 100 PPCD plasmas are shown in Fig. 3. The same quantities from
80 conventional RFP plasmas are overlayed for comparison. The central electron
pressure is measured with a single point (time and space) Thomson scattering
diagnostic, varied in time shot-by-shot. In estimating Tz and S, the nk(T, + T;)
radial profile is assumed to behave as [1 - (/a)2]. (An 11-chord interferometer
indicates the density profile is centrally peaked, but the temperature profiles are
not measured.) The ion temperature measured by charge exchange is 7;*=0.57
in conventional discharges at this density but remains constant while Te0 increases
by as much as 170% during PPCD. The ohmic input power is derived from the
measured total input power (Poynting flux) at the plasma surface by subtracting
the rate of change of stored magnetic energy using equilibrium modeling. (The
calculation includes power from both E, and E,.) Most of the PPCD plasmas in
this ensemble are “ordinary” in that 7 increases during PPCD from 1.2 ms to
~4 ms and By increases from 6% to ~8%. A subset ensemble of 25 superior
PPCD plasmas which exhibit the exceptionally low magnetic fluctuation level
features illustrated in Fig. 2a have confinement times Tz ~ 5 ms and fg ~ 9%.
Table I summarizes the best PPCD confinement in comparison with conventional
RFP confinement at medium current of 340 kA. An MST record T,y = 615 eV
was measured for similar superior discharges at 440 kA and 7 ~1x10” m™, at
somewhat lower beta B¢~ 7.5% but similar Tg~ 5 ms.
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Fig. 3. Shot-averaged waveforms of (a) the central chord line average density, (b) central

electron pressure from Thomson scattering, (c) ohmic input power, (d) mean-squared

Sluctuation amplitude, and (e) Hy radiation. The unbroken lines are for 100 PPCD discharges,
and the broken lines are for 80 standard RFP discharges.




TABLE I. MST CONFINEMENT PARAMETERS WITH AND WITHOUT PPCD

PPCD Conventional RFP
Current, 7, 340 kA 340 kA
Density, n, 1.0x10° m™ 1.0x10” m™
Temperature, T, 390 eV 230 eV
Beta, Sy 9% 6%
Input power, Po 145 MW 44 MW
Confinement, T 4.8 ms 1.1 ms

PPCD clearly demonstrates a connection between current profile control,
fluctuation suppression, and reduced transport, but it is inherently transient and
greater improvement is desirable. Electrostatic and rf current drive can in
principle enhance and sustain current profile control. An electrostatic current
injection experiment using plasma-based current sources [6] placed at the edge
of the plasma is in progress. The system will provide up to 15 kA of current
from 15 localized sources, enough to test tearing stablilization in lower current
MST plasmas according to MHD theoretical computation [7]. In the longer term,
f current drive could be the ideal solution, easily targeted to specified locations
in the plasma. The lower-hybrid wave has been identified a good candidate for
efficient edge poloidal current drive in typical MST plasmas. Initial accessibility
and ray tracing calculations [8] are currently being refined.

3. EQUILIBRIUM AND FLUCTUATING PLASMA FLOW
31 Edge probe measurements of the dynamo

Spontaneous self-generation of magnetic field in a plasma, the “dynamo
effect,” is a ubiquitous phenomenon in astrophysical plasmas and occurs in
laboratory plasmas such as the RFP and spheromak. In the RFP, the magnetic
field, or plasma current parallel to the field, cannot be fully accounted for by the
applied toroidal electric field. This is dramatically evident in the outer region of
the plasma where the applied parallel electric field is either zero or actually points
in the direction opposite to the observed current.

Theoretical study of the RFP dynamo has progressed quite far. The most
thoroughly studied mechanism is the MHD dynamo, in which the current is
self-generated by the {(¥xB) term in Ohm's law, where { ) denotes an average
over a magnetic surface. However, there is a second dynamo term in the parallel
Ohm’s law that appears to be important [9, 10]:

My Eyo={¥xB) ~(jxB) /en (1)
=<E¢-EL >+<VLP8-BL>/en )

where b=B/B_ The first term on the right-hand-side of Eq. (2), (E -b ),
represents the contribution to ¥, from the fluctuating Elx B drift, which is‘a




MHD (single fluid) effect. This term, then, represents the MHD dynamo. The
second term, {V P -b )/en, is the contribution from the fluctuating electron
diamagnetic drift V P'%B_which is an electron fluid effect (in a two-fluid
framework). L0

In MST, collisionality (as measured by the ratio of the electron mean free
path 2, to the minor radius a) is low, on the order of 2-7. The MHD dynamo
dominates in MST plasmas where the coherence at the dominant tearing mode
frequencies of the (E ‘b ) term is much greater than that of the (V P -b V/en
term. The dynamo térm ‘also dominates in low density, low collisioniafity “TPE-
1RM20 plasmas. However, in high density TPE-1RM20 plasmas, A/a < 1, the.
coherence exhibited by the diamagmetic term ﬂv P -b V/en dominates that of
the (E -b ) term. In this case, the diamagnetic terin is lafge enough to drive the
parallel cdfrent required by the dynamo in the edge of the RFP. The physical
reason for the transition by collisions from MHD to diamagnetic dynamo is not
clear. However, it is interesting to note that the diamagnetic dynamo term can be
rewrittenas (V P -b zV-{P b), where the quantity (P ) can be regarded as
electron momeritum {Current) fiix transported by mag eficfluctuations. This is
the idea behind the kinetic dynamo effect [11], although this measurement
cannot distinguish whether it is present.

3.2 Spectroscopic measurements of velocity fluctuations

Since the plasma flow velocity v=(m,.vl.+meve)/ (mAm)=v,, spatially
localized measurement of ¥, and its correlation with B is the most direct way to
measure the MHD dynamo term (¥x B). Our measurement technique on MST
[12] approximates the ideal of local measurements of the majority species
dynamics in two ways. First, our diagnostic records impurity ion dynamics,
specifically the Doppler shift and broadening of naturally occuring impurity ion
line emission. However, on the time and spatial scales of interest, the impurities
should mimic majority species behavior. The second and more problematic
approximation to the ideal measurement arises from the fact that our diagnostic
passively records a chord-average of the impurity ion emission. Analysis of such
data for spatial correlation measurements requires detailed knowledge of the
impurity emission profiles in conjunction with careful modeling of the structure
of the dominant tearing modes. In spite of these difficulties we have begun to
assemble a direct, quantitative measurement of MHD dynamo activity in an RFP.

Dynamo activity in MST is manifested in two distinct ways, a discrete and
a continuous dynamo. The discrete dynamo is evident during a sawtooth event
[13]. Sawtooth events occur in MST with a period of about 3 ms. Figure 4
illustrates the field generation and relaxation that occurs over a sawtooth
oscillation. Strong spontataneous magnetic field generation is evident in the
sudden increase of toroidal flux ®, during a sawtooth crash (at z = O in Fig. 4).
The peak of the time derivative of the toroidal flux, measurable as the surface
poloidal electric field Ey, is employed as a time reference for the sawtooth crash.
The decreases in the pinch parameter ©=B(a)/(®,/na’) and the reversal
parameter F=B(a)/(®,/na’) indicate that, during a crash, the plasma relaxes
toward a minimum energy state with a flatter current profile, i.e., current
decreases at the core and increases at the edge. Between crashes, flux generation
(opposing resistive decay) is present at a low level, indicating operation of a
continuous dynamo.
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Figure 5 illustrates our ensemble-averaged (equivalent to an average over
a flux surface) measurement of the MHD dynamo quantities |7,| and |b |. Note
how both the velocity fluctuation amplitude and the magnetic fluctuation
amplitude grow in magnitude and peak at the sawtooth crash. These quantities
are coherent between 5 - 15 kHz (Fig. 6), indicating that they are representative
of the long- -wavelength tearing modes expected to be associated with the MHD
dynamo in the RFP [14] The scalar quantity | ¢| B is also shown in Fig. 5. As
expected, this quantity is non-zero throughout the sawtooth cycle (indicating the
operation of a continuous dynamo) and peaks during the sawtooth crash
(indicative of the discrete dynamo). Calculation of the cross product of ¥, and 5 ,
which is the actual MHD dynamo term, is in process. Determination of the phase
between ¥, and b, is complicated by the fact that the measured ¥, is chord-
averaged, %ut initial analysis indicates that the correlation phase provides for a
substantial non-zero dynamo electromotive force.

3.3 Equilibrium plasma flow, magnetic mode rotation, and E,

Plasma flow, magnetic mode rotation, and radial electric field are tightly
coupled in MST. The dominant tearing mode fluctuations (which are core
resonant) generally phase lock together and co-rotate [15]. The toroidal flow of
the core impurity C v ions closely tracks the toroidal phase velocity of the
dominant tearing modes. This tracking is especially striking during a sawtooth
event when fast changes in toroidal rotation occur [16]. The deceleration time of
the magnetic modes and the plasma is about 100 ps, with the modes leading the
plasma by about 10 pus. The deceleration of the modes is as expected from a
calculation of the electromagnetic torque on a magnetic island, but a simple
calculation of the Braginskii viscous diffusion of the plasma predicts a much
longer deceleration time for the toroidal flow velocity. However, this discrepancy
can be resolved by accounting for the presence of a number of phase-locked m =
1 islands in a diffusive toroidal momentum transport model calculation [17].
The nonlinear interaction of these tearing modes also appears to play a
prominant role in momentum degradation and mode locking [18].

Impurity ion states midway between the core and edge (B 1v and O v) and
in the edge (C 1) provide a rough picture of the flow profile; the toroidal plasma
flow appears to slow down and even reverse direction near the edge. The
oppositely directed flow of the edge plasma may be due to the fact that the radial
electric field E, changes sign at the reversal surface, pointing radially out inside
the surface and radially in outside the surface [19]. E, can be dramatically
altered by the insertion of a biased probe into the plasma; this technique provides
control of the rotation of the plasma, including unlocking and spinup of locked
discharges [20].

4. SUMMARY

The fluctuation amplitude of the dominant magnetic tearing modes in
MST has been halved by application of a transient poloidal inductive electric
field to flatten the current density profile. This resulted in an approximate
quadrupling of the energy confinement time Tz to 5 ms and an increase in
poloidal beta B4 from 6% to 9%. The magnetic fluctuations in MST are coherent




with fluctuations in the plasma toroidal flow velocity, indicative of MHD dynamo
current generation. In higher collisionality RFP plasmas, a new mechanism, the
“electron diamagnetic dynamo,” is observed.
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