Transport reduction by current profile control in the reversed-field pinch*
J. 8. Sarff," A. F. Almagri, M Cekic, C.-S. Chaing, D. Craig, D. J. Den Hartog, G. Fiksel,

S. A. Hokin, R. W. Harvey,?
J. C. Sprott, and E. Uchimoto®

H J| C. Litwin, 8. C. Prager, D. Sinitsyn, C. R. Sovinec,

Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 21 November 1994; accepted 28 February 1995)

An auxiliary poloidal inductive electric field applied to a reversed-field pinch (RFP) plasma reduces
the current density gradient, slows the growth of m=1 tearing fluctuations, suppresses their
associated sawteeth, and doubles the energy confinement time. This experiment attacks the
dominant RFP plasma loss mechanism of parallel streaming in a stochastic magnetic field. The
auxiliary electric field flattens the current profile and reduces the magnetic fluctuation level. Since
a toroidal flux change linking the plasma is required to generate the inductive poloidal electric field,
the current drive is transient to avoid excessive perturbation of the equilibrium. To sustain and
enhance the improved state, noninductive current drivers are being developed. A novel electrostatic
current drive scheme uses a plasma source for electron injection, and the lower-hybrid wave is a
good candidate for radio-frequency cusrent drive. © 1995 American Institute of Physics.

I. INTRODUCTION

In the reversed-field pinch (RFP), the loss of plasma
results primarily from particle convection along stochastic
magnetic field lines generated by large-amplitude magneto-
hydrodynamic (MHD) fluctuations. Measurements!? of the
magnetic-fluctuation-induced electron particle and heat
losses in the Madison Symmetric Torus® (MST) direcily
identify large transport associated with the magnetic fluctua-
tion, while in other RFP experiments,4 the estimated
magnetic-fluctuation-induced energy loss can account for the
observed global energy flux. In MST, the measured fluxes
agree with expectations for convective stochastic magnetic
field diffusion,’ but the electron loss occurs at the ion rate as
a result of an ambipolarity constraint on the particle flux, i.e.,
an outward pointing electric slows the electron loss.

More than 90% of the RFP magnetic fluctuation B re-
sults from several poloidal mode number m=1, toroidal
mode number n~2R/a core-resonant tearing (or resistive
kink) instabilities. The amplitudes of these fluctuations are
typically ~1% of the mean field,® and the close spatial prox-
imity of their resonant magnetic surfaces encourages mag-
petic island overlap and stochasticity. Since the dominant
plasma loss results from this stochasticity, researchers pro-
posed methods for reducing the fluctuation with hope of im-
proving RFP confinement. Tearing fluctuation stems from the
current den31ty gradient, so the proposals employ auxiliary
electrostatic’ or radio-frequency (RF)>’ poloidal current
drive in the outer region of the plasma, eliminating the need
for fluctuation-dynamo sustainment of the RFP, These theo-
retical and computational studies demonstrate reduction of
the tearing fluctuations and the restoration of closed mag-
netic surfaces in the core of the plasma.

In this paper the first observation of reduced transport
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resulting from current profile control in a RFP is presented.
The experimental technique employs auxiliary inductive po-
loidal current drive. Unlike electrostatic or RF current drive,
poloidal inductive current drive is inherently transient, since
it requires a change of toroidal flux embedding the plasma,
so we call the technique pulsed poloidal current drive
(PPCD) to distinguish this mode of operation from the usual
RFP operation. The PPCD experiment is performed in MST,
a large reversed-field pinch with major radius R=1.5 m,
minor radius a=0.52 m, toroidal plasma current / +=700
kA, and poloidal beta B,~10%. The success of PPCD en-
courages the program of transport reduction in the RFP by
current density profile control. Preparations for an electro-
static current drive experiment on MST as well as theoretical
studies of lower hybrid wave current drive for RFP profile
control are also discussed. These techniques might extend
and enhance the improved confinement observed during
PPCD.

Il. INDUCTIVE POLOIDAL CURRENT DRIVE

Auxiliary to the usual inductive toroidal electric field
Ey4, in the PPCD experiment,’® a fast current pulse in the
toroidal field coil induces a poloidal electric field E, to in-
crease the poloidal current in the plasma. Figure 1 illustrates
the global electrical waveforms during PPCD. The start of
the pulse is marked by the vertical dashed lines in this and
subsequent figures. The one-turn poloidal V, and toroidal V
surface voltages shown in Fig. 1(a) generate the poloidal 7,
and toroidal / ; plasma currents shown in Fig, 1(b), although
strong coupling prevents identifying V, only with 7,4, and
vice versa. To direct E, for current profile flattening, the
volume-average toroidal field (B 4) and the toroidal field at
the wall B, must decrease, as in Fig. 1(c). As intended,
PPCD  increases the  poloidal  plasma  current
14=27R(By— B4,y between the magnetic axis and
plasma edge, which is inferred from $B-dl on the magnetic
axis. (The axis magnetlc field B, is estimated using a RFP
equilibrium model.)!! Note that Vg is nonzero as I, in-
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FIG. 1. Shot-averaged waveforms of (a) the surface voltages, (b) the plasma
current, and (c) the average and wall toroidal field.

creases, since toroidal flux is generated by dynamo action.
The Fig. 1 data are averages for 11 PPCD plasmas

A. Current profile flattening

Since tearing instability in the RFP resuits from the gra-
dient in Jy/B, the three-parameter equilibrium model,'?

VXB=M\o(1—r*)B+(B,/2B*)BXVp, 1)

is used to quantify the shape of the (normalized) parallel
current profile M(#)=upal- -B/B?. Shape parameters « and
\g are adjusted to match the measured [, (B o» and By,
while the central beta value B;=2 MOpQIBO is adjusted for
assumed constant poloidal beta B,=2uo(p)/B%,=10%. The
pressure profile is assumed quadratic, but, in general, the
perpendicular current details weakly affect the parallel cur-
rent fit since B is small.

PPCD flattens the current profile in a degree comparable
to a sawtooth oscillation “crash.”!® This comparison bench-
marks PPCD, since in a sawtooth crash the plasma self-

flattens its unstable current profile. The time evolution of o

during a typical PPCD discharge is shown in Fig. 2(a). Be-
fore PPCD is applied, « varies in accordance with the saw-
tooth oscillation, two of which occur between 8 and 12 ms.
In the sawtooth crash, « suddenly increases as the current
profile flattens. When PPCD is applied at =12 ms, « is
increased to near the value characteristic of the profile fol-
lowing the crash. The PPCD phase gradually terminates as
the current profile again peaks, and becomes sawtooth un-
stable when a<2. A series of unusually large sawteeth be-
ginning at ¢~ 1 8 ms cause the plasma to relax toward normal
RFP equilibria. .

' B. Fluctuation reduction and sawtooth suppression

By flattening the current profile, PPCD slows the growth
of m=1 fluctuations and suppresses their associated saw-
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FIG. 2. (a) The current profile shape parameter a(¢) and (b) the surface
RMS poloidal ‘magnetic field fluctuation amplitude B, during a typical
PPCD discharge.

teeth. Magnetic fluctuations are measured in MST, with ar-
rays of magnetic pickup sensors (B,,B 4,B,) attached to the
inner vacuum vessel surface. In this work, toroidal mode
n=135 spectra are derived from 32 equally spaced magnetic
pickup sensors. Figure 2(b) shows the spatial root-mean-
square (RMS) poloidal magnetic field fluctuation amplitude
B 0, =2, b%n during the same typical discharge of Fig.
2(a) The most active modes in the spectrum bgn are shown
in Fig. 3. Before the application of the pulse, the (m=1) =
=5-10 mode amplitudes exhibit the precursory growth as-
sociated with the sawtooth cycle. Near the times of sawtooth
crash events, the amplitudes peak at about three times the
value occurring between crashes. After PPCD is applied, the
n=5-10 mode growth is dramatically slowed, and the
between-crash amplitudes are maintained until :~18 ms
when sawteeth reappear. The lack of sawtoothing decreases
the average fluctuation amplitude by 25% during PPCD.
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FIG. 3. Dominant modes of a single shot 1§,, toroidal n spectrum during
PPCD.
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FIG. 4. The spatial RMS fluctuation amplitudes B, and l§¢ for an overly
large-amplitude PPCD pulse illustrating new m=0 activity.

Although PPCD suppresses sawteeth preceded by m=1
fluctuation, different sawtooth-like events occur during
PPCD. Like conventional sawteeth, they correlate with de-
creases in the soft x-ray flux and increases in toroidal flux,
but the amplitude changes are small. The n spectra reveal
increased precursory activity in the n=1-3 modes, not in
the band n=5-10. This activity, if resonant, corresponds to
m=0 fluctuation, since the safety factor satisfies [g(r)|=3
during PPCD.

In addition, the low n modes grow to large amplitude
when the PPCD pulse is too large (roughly when (B,) is
halved by the pulse). The RMS fluctuation amplitudes shown
in Fig. 4 during an overly large-amplitude PPCD discharge
illustrate this growth. The two-dimensional structure of the
fluctuations can be inferred from these simultaneous mea-
surements of B¢, and B ¢» since the magnetic sensors are lo-
cated in a current-free region, where szB—O implies
b g/ R=mb gmnfa for each Fourier mode b,,,,, Before
PPCD is apphed B ¢/B #~2, consistent with m=1, n~6 saw-
tooth precursors. After PPCD is apphed B ¢/B ¢=5, consis-
tent with m=0,n~1 fluctuations.'"* Note that the steady
growth of the m =0 fluctuation eventually subsides, but the
new type of sawtooth-like events persist. In moderate ampli-
tude PPCD, the steady m=0 growth is avoided. Interest-
ingly, numerical modeling of the PPCD experiment using the
three-dimensional (cylindrical), nonlinear, resistive MHD,
initial value code DEBS'® predicts reduced, not stabilized,
m=1 fluctuation. However, it fails to predict enhanced m =0
fluctuation.

C. Transport reduction

PPCD doubles the energy confinement by halving the
Ohmic input power while modestly increasing the stored
thermal energy. The solid line curves in Fig. 5 show shot-
averaged waveforms of (2) the central chord electron density
n,, (b) soft x-ray flux, (c) Ohmic input power Popmic (E,
included), and (d) H, emission from 11 PPCD plasmas. The
dashed line waveforms are for a set of eight discharges with
PPCD turned off. These were produced identically to the
PPCD plasmas, except a small gas puff was injected at =10
ms to mimic a density increase during PPCD. The measured
charge-exchange ion temperature T is unchanged, while the
electron temperature T, increased 25%. Here T, is deter-
mined from shot-averaged Si(Li) detector x-ray energy spec-
tra, taking into account impurity line radiation contributions
to the x-ray spectrum. (Previous analysis indicates these di-
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FIG. 3. Shot-averaged waveforms of (a) the central chord line-averaged
electron density, (b) soft x-rays, (¢} the Ohmic input power, and (d} H,
emission, with PPCD (solid curves) and without PPCD (dashed curves).

agnostics measure core temperatures.) At r=17 ms, T,~250
eV with PPCD and 7,~200 eV without PPCD; the latter is
consistent with the most recent database of MST Thomson
scattering data.'® (The single-point Thomson scattering diag-
nostic was inoperable during this PPCD experiment.) Other
improvements include reduced total radiated power and a
20% reduction in Z. inferred from near-infrared
bremumstrahlung radiation measurements.

Assuming flat!? temperature and parabolic density pro-
files (consistent with four interferometer chords inside r/a
=0.6), the energy confinement time at r=17 ms is
Te=37a*R(n N T+ T)IPopmic=1.0 ms without PPCD
and TE~2 2 ms with PPCD. In standard RFP operation, 75
scaling'® in MST is weakly dependent on /4 and n,,, varying
little about 7;=1 ms, Because the stored magnetic energy
changes during PPCD, the calculation of Pgpye Was cross-
checked using several equilibrium models.!"*1¥ The Poly-
nomial Function Model'! calculation, shown in Fig. 5(c),
gives slightly larger values for P gy than the other models.

The particle confinement time 7, also increases during
PPCD. This is indicated by the 40% decrease in H , emission
and moderate rise in n,. Particle transport modeling esti-
mates 7, increased by a factor of about 1.7 during PPCD.

PPCD reduces the anomalous plasma resistance. The
change in toroidal plasma resistance from an increased po-:
loidal field line twist during PPCD almost balances the
change from reduced classical resistivity Vo™ Zeff/Tilz(Te
increases, and Z.g decreases). Therefore most of the reduc-
tion in Popmie results from a 40% decrease in anomalous
plasma resistance during PPCD. This conclusion is sensitive
to the error in the T, measurement, but a 50% T, increase or
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a dramatic T, profile change is required to explain the
P opmic reduction classically. From the combined reductions
in Z .5 and anomalous effects, the multiplier of the Z=1, flat
temperature profile resistance decreases from 3 to 1.5. Typi-
cal of RFP plasmas, the ion temperature exceeds expecta-
tions for collisional heating by electrons. If the anomalous
input power heats the ions, as is often assumed, then the
reduced anomalous resistance and unchanged ion tempera-
ture during PPCD imply much reduced ion thermal loss.

Improved confinement during PPCD depends on the
condition of the vacuum vessel wall. Clear improvement oc-
curs with a boronized wall. (Solid target boronization is used
in MST.!®) Without boronization, enhanced impurity influx
coincides with the PPCD pulse. Even with boronization, if
the pulse is applied well after current peak, impurity-
injection-free PPCD is difficult to obtain.

D. Comparison with stochastic diffusion model

A simplified analysis of the electron heat balance in the
plasma core suggests that the improved confinement during
PPCD results from reduced stochastic diffusion. Measure-
ments of the magnetic-fluctuation-induced heat and particle
fluxes in MST imply that the main loss in the core of the RFP
results from particle convection in a stochastic magnetic
field. For this process, the radial electron heat flux is given
by Q¢=3T.D,vi" Vi where D, L,B? is the magnetic
diffusivity and L, is the magnetic fluctuation autocorrelation
length. During PPCD, the confinement time doubled while
the fluctuation amplitude decreased by ~25%. To see if these
changes are consistent with the stochastic diffusion model,
the electron heat balance is analyzed for a volume in the core
of the plasma.

The dominant electron heat loss is assumed to be con-
vective stochastic diffusion, while the input comes from clas-
sical Ohmic dissipation,

J 7]spjﬁ dV=f 3T.D,0i% Vn ds. 2)

By restricting the heat balance to_a volume in the core, ra-
diation, and other losses can be neglected, and profile effects
are minimized. The ions are hot, but they are not collision-
ally heated by the electrons. (The collisional ion heating
power den51ty is several percent of the central Ohmic dissi-
patlon Tsp J 0- )

Under these assumptions, the electron temperature de-
pendence on other parameters is T, 20CB?‘LM\/_ Van/
Zeﬁjo, allowing a consistency check of the measured 25%
increase in T,, 25% reduction in B a 20% reduction in
Z.x, and a (estimated) 20% increase in the central current
density j, during the PPCD. The central density profile, the
ion temperature T, and the m=1 spectral width ( L,;) did
not change and should not affect T, . The predicted increase
in T, from these parameter changes is ~30%, consistent
with the measured increase. It appears that the core energy
loss during PPCD is still dominantly stochastic diffusion.

Although reduced stochastic diffusion is encouraging,
current profile control is hoped to free the plasma from
magnetic-tluctudtion-induced losses. This should occur when
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FIG. 6. (a) Safety factor profile estimated from equilibrium modeling at
t=17 ms during PPCD. (b) The core-resonant fluctuation amplitudes 5,
(@) in the standard RFP and during PPCD, in comparison with the estimated
island overlap threshold amplitudes.

the magnetic fluctuation amplitude falls to a level where is-
land overlap is avoided. To see how close the PPCD fluctua-
tion amplitudes come to island overlap thresholds, the am-
plitudes of the core resonant n=5-10 (m=1) modes are
calculated for the case where the islands just overlap, as
shown on the PPCD safety factor profile g() in Fig. 6(a).
The amplitudes b m(rs) are calculated from the island

widths, w=4\/le;m(rs)/k 1 B(ry),where r; is the resonant
surface radius and L;'=|r,q'(r;)/Rq*(r,)|. Since radial
profiles of the fluctuations are not measured, the profiles
computed in the MHD code DEBS'® are used to estimate the
relationship between b,,,(rs) and the measurable amplitude

b g,(a). The rule bm(r )%7 Sbe,,(a) is accurate in DEBS at
Lundquist number $=10*. (The experimental plasma has
5~10%)

Figure 6(b) shows the measured b ,,(a) Huctuation am-
plitudes for PPCD and normal RFP discharges (averaged
over the sawtooth oscillation), in comparison with the pre-
dicted overlap threshold values: (During PPCD, ¢,<0.2, so
m=1, n=35 is nonresonant.) Not surprisingly, the fluctua-
tion amplitudes in the normal RFP clearly exceed the island
overlap threshold. During PPCD, the amplitudes fall to near
threshold, but the islands probably still overlap in the coré.
Modest improvement in controlling the current profile and
reducing the fluctuation amplitude may therefore dramati-
cally improve confinement if island overlap can be avoided,
and cross-field transport takes on a more classical behavior.

lil. NONINDUCTIVE POLOIDAL CURRENT DRIVE

To sustain and enhance the improved confinement re-
vealed by PPCD, electrostatic current injection, or RF cur-
rent drive offer the possibility of steady-state current profile
control in the RFP. Electrostatic current injection (helicity
injection) employs electrically biased electrodes to drive cur-
rent in the plasma. Spheromak® and similar configurations
are traditionally formed this way, and the technique might
provide a steady-state current drive solution for tokamaks.?!
RF current drive has a long history in tokamak research,
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while its potential use in RFP plasmas is new research. This
section briefly reviews these techniques with emphasis to
MST applications.

A. Electrostatic current drive

The required features of the electrostatic current source
include (i) high-current density (~21,/ wa?), (i) current
emission in one direction along the magnetic field, and (iii)
low impurity generation. A series of source prototype experi-
ments on MST (including graphite and heated LaB, elec-
trodes) led to an electrode design based on a small “plasma
gun.” The principal difficulties encountered with other
sources are impurity generation, lack of unidirectional cur-
rent emission, and arcing. The plasma gun®? solves these
problems by producing a high-density, cold, arc plasma en-
capsulated in a boron nitride insulator with a small hole
through which current is extracted. The arc discharge is H,
gas fed, to the metal impurities generated on the (molybde-
num) arc electrodes are minimal.

A typical plasma gun experiment is shown schematically
in Fig. 7(a). The gun assembly is inserted into the edge of the
MST plasma, with the axis of the cylindrical arc channel
oriented parallel to the equilibrium magnetic field. A small
Rogowski coil separated from the plasma gun, but located on
the same field line, detects the emitted current in the back-
ground plasma. In these prototype experiments, the gun
plasma is biased negatively with respect to the vacuum ves-
sel (VCV). In the full-scale experiment, anode electrodes
may be required to control the plasma potential.

The arc, emission, and Rogowski currents are shown in
Fig. 7(b). In this example, the bias voltages V.. =~ 50 V and
Vemis = 250 V were applied 20 ms after the background
MST plasma was formed. The current density detected by
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the Rogowski coil was measured 60 cm from the gun. By
scanning the Rogowski coil, virtually all of the emitted cur-
rent is observed “attached” to the field line. When the gun is
rotated 180°, no “backward” current density is detected by
the Rogowski coil, indicating unidirectional current emis-
sion. (Even for weak current diffusion, the long connection
length, and magnetic shear prevent detecting the “forward”
emitted current when the gun is rotated 180°.).

MHD simulations** of electrostatic current injection in-
dicate that the required auxiliary power to stabilize the core-
resonant tearing fluctuations is about the same as the Chmic
input power from the inductive toroidal electric field. For
14=400 kA MST plasmas, Popmic~6 MW, and the projected
total injected current requirement at Vo, = 200 V is ~30
kA. This is more than one gun can produce, so the full-scale
experiment will utilize ~30 guns distributed on the plasma
surface. This has the added feature of approximating toroidal
symmeiry found to be important in the MHD simulations.

B. Lower hybrid RF current drive

The distinguishing RFP features that affect RF current
drive include a large ratio of the electron plasma frequency
to cyclotron frequency w,,/w,, (ranging from 3 to 10), large
magnetic shear, and a small trapped particle fraction, Theo-
retical investigations indicate that the fast wave® and lower
hybrid (slow) wave® propagate in an RFP plasma, and should
be usefu] for current drive. For the lower hybrid (LH) wave,
the large ratio w,,/w,, necessitates a larger parallel refrac-
tive index ny>8 for wave propagation than would be re-
quired in a comparable tokamak plasma. The propagating
LH wave is predominantly electrostatic, and the wave vector
k points almost perpendicular to the equilibrium magnetic
field. The group velocity is almost perpendicular to K, so the
wave energy and momentum propagate mostly in the poloi-
dal direction, but with a small radially inward component,
allowing access to the plasma.

To effect tearing stabilization, the LH wave must deposit
its momentum at the correct radial location in the plasma.
MHD simulations using the DEBS' code predict the target
zone for the driven current is r/fa=~0.7. To make this deter-
mination, an ad hoc, Gaussian-shaped, electron force was
included in Ohm’s law, and the location and amplitude of the
force was adjusted to minimize the fluctuation amplitude.’
The damping of the wave energy along a ray trajectory is
estimated by calculating the imaginary part of the warm
plasma dielectric tensor. For efficient electron Landau damp-
ing, w/kyvy, should be 2--3 in the target zone. In a typical
1,=400 kA MST plasma (T,~200 eV and n~8x 10'% m™3
at rfa=~0.7), a LH wave at f=250 MHz with n;=10
(\j=12 cm) completes about two poloidal turns before
reaching the target zone. The analytic estimates for this typi-
cal MST plasma have been confirmed using a version of
Brambilla’s ray tracing code? modified to handle RFP equi-
libria. The code launches a single LH ray from the equatorial
plane, and the ray integration proceeds until the energy falls
to 0.1% of the initial value, Figure 8 shows the ray trajectory
projected onto a poloidal plane and the driven current density
profile.
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The efficiency of RF current drive is characterized lo-
cally by the quantity n= jj/p™, which is theoretically
calculable.® Often the global quantity I'/PT is reported
where I*f and P™ are the appropriately integrated current J“
and power p™ densities. For RFP profile control purposes,
the poloidal RF-driven current I o is important, and the esti-
mated efficiency is I/ P<0.5 A/W for 400 kA MST plas-
mas. (Since [4~51, this corresponds to I‘;/P‘fso.l A/W
for toroidal current drive in a tokamak with equivalent pa-
rameters.) The estimated deposited power requirement is
PT = 1 MW for tearing stabilization in MST.

Iv. SUMMARY

In summary, inductive poloidal current drive flattens the
current density profile, slows the growth of m=1 tearing
fluctuations, suppresses their associated sawteeth, and
doubles the energy and particle confinement times. A reduc-
tion in anomalous plasma resistance suggests PPCD reduces
the dynamo effect. The improved plasma state exhibits small
sawtooth-like events, but they are preceded by m=0,n~1
instability, rather than m=1,n~6 instability.

Although PPCD does not eliminate tearing fluctuation,
clear correlation exists between improved confinement, cur-
rent profile flattening, and modest fluctuation suppression. A
simplified heat balance in the plasma core suggests the domi-
pant heat loss mechanism during PPCD is still stochastic
diffusion, but an analysis of the magnetic island structure
indicates the core-resonant fluctuation amplitudes during
PPCD approach island overlap threshold values. Modest im-
provement in controlling the current profile and reducing the
fluctuation amplitude may therefore dramatically improve
confinement if island overlap can be avoided and cross-field
transport takes on a more classical behavior.

To sustain and enhance an improved confinement state,
electrostatic and RF current drive are being developed for the
RFP. In MST, prototype experiments led to an electrostatic
current injector based upon a small plasma gun. Large, uni-
directional current is obtained without significant impurity
generation. Tearing stabilization will be attempted in MST
by replicating this injector to meet the MHD predicted ~30
kA and ~6 MW injection requirements.
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The lower hybrid wave is a promising candidate for ef-
ficient poloidal current drive in the RFP. Accessibility, en-

ergy absorption, and current drive have been evaluated

through a combination of analvtical and computational ray
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tracing. Experimental plans on MST include low-power RF
tests to confirm wave propagation, but a full power test of
tearing stabilization is a longer term goal.
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