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Abgract. We report  results of five invedtigations covering two-fluid dynamos, toroida nonliner MHD
computation, nonlinear computation of Oscillating Fied Current Drive (OFCD), the effect of shear flow on
tearing ingtability, and the effect of pressure on resdive ingability. The key findings are (1) two-fluid dynamo
arisng from the Hdl term is much larger than the standard MHD dynamo present in a singlefluid treatmert, (2)
geometric  coupling from toroidicity precludes the occurrence of nested helicd flux surfaces, except for
nonreversed plasmas, (3) OFCD, a form of AC hdicity injection, can sustain the RFP plasma current, dthough
megnetic fluctuations are enhanced, (4) edge shear flow can destabilize the edge resonant m = 0 modes, which
occur as Spikes in experiment, and (5) pressure driven modes are residive at low beta, only becoming ideal at
extremdly high beta

1. Introduction

Lage-scde tearing indabilities have long been conddered to undelie trangport and dynamo
processes in the reversed fidd pinch (RFP). The vas mgority of theoreticd and
computationd RFP work has focused on pressurdess, sngle-flud MHD in  cylindricd
plasnes driven soldy by a toroidd dectric fidd. During the last two years dSgnificant
progress has been achieved in andyticd and numerica trestments of new gpproaches which
ae of practicd importance for the RFP. Specificdly, we report here results of five
invedtigations covering two-fluid dynamos, toroidd nonliner MHD  computation, nonlineer
computation of Oscillating Feld Current Drive (OFCD), the effect of shear flow on tearing
ingtability, and the effect of pressure on resistive ingtability. Each result is described below.

2. Two-Fluid Dynamo

Due to rdadivdy low magndic fidd and high plasma temperaure, two fluid effects are
important for the dynamics of tearing indabilities in the RFP. Although linear two-fluid MHD
eigenfunctions are long known [1-3], quaslinear twofluid theory of Hal and dpha dynamos
has not yet been developed. These effects are important for high temperature RFPs where the
nonlinear dynamo action flattens the equilibrium current profile toward the Taylor date of the
minimum energy. The tearing mode dynamo effect driven by the v = B tem in Ohm's law
(sometimes known as dpha dynamo) has been invedigated through the sngle flud MHD
theory [4], computation [5] and experiment [6]. Here we focus our atention on the case when
the ion gyroradius is dgnificantly larger than the dectron skin depth o that dectrons ae
decoupled from ions indde the linear tearing layer. This speeds up the ingability and changes
the spatid profiles of egenfunctions in comparison the with single flud MHD cese. Smilarly
to quasiinear trestment of the fluid Reynolds stress [7], a twofluid MHD theory is used to
cdculate queslinealy two-fluid dynamo effects from tearing indability in a forcefree
(congant pressure) dab equilibrium relevant to the RFP. Huctuations contribute to the
parlld component of the meen fiedd generdized Ohm's law as €= < E>) - h<| > =-1c
<v® 7 BY > + (U en® < j® BY > where <...> denotes flux surface average, the
padld components are defined with respect to B©, and the superscripts @ @ indicate mean
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guantities and linear fluctuations, respectivdly. Two-fluid effects influence dynamos in two
ways: by dtering the MHD < v © B® > dynamo and by introducing a Hall < [~ B >
dynamo tha aises from perpendicular current dengty fluctuations consgtent with the
megnetic perturbations B;™. The two-fluid tearing mode egenfunctions are evaluated using
the genadized Ohm's law in a compressble plasma Ingaality dynamics relate to the kintic
Alfven wave in the range of parameters where this mode is decoupled from the compressona
Alfven and dow magneto-acoustic modes. The growth rate is enhanced over the MHD growth
rae, scing as g p d*° r 2 a large values of the stability factor D¢, d 2°r 2% D¢>>1 ad
as gu drgsDein the opposte limiting case, where d is a combination of collisonless and
collisond dectron skin depth, o = ¢ / W’ + hc® /Apg and 1 = cs Mg is the ion-sound
gyroradius, ¢ = (@ Te+ g T )/ m, g = 5/3.

We examine the dynamo terms for two cases: the experimenta case for which r ;>>d  and,
for comparison, the sngle-fluid MHD case for which r ( << d . For r ;>>d the Hdl dynamo
effect is larger than the single-fluid MHD dynamo by a factor (rs /d )* ( for large d D¢>>1),
which is typicdly more then an order of magnitude in RFP plasmas The Hdl dynamo is
locdlized to within a short distance d “3rs® from the resonant surface. In two-fluid theory,
the < ~ B> term is dso enhanced by a smdler factor (rs /d ) and is broadened to a spatia
scde of order 1. At smdler D¢ (d D¢ <<1), the raio of Hal dynamo to the sngle-fluid MHD
dynamo decreases with D¢ proportiond to (D¢ s )2 for (d /r )Y*<< d D¢ <<1 and then increases
asrs/Dtd?for dDe<< (d /ro)"® that corresponds to the MST RFP case D¢ 5) and provides
an order of magnitude enhancement factor for Hal dynamo. The enhancement factor for two
flud <v © B> dynamo monotonicaly decreases with D¢ for dl d D¢ <<1 passing through unity
at d De{(d /r ). These results motivate experimental studies of two-fluid effectsin the RFP.

2. Toroidal Geometry Effects

It has been edablished that solutions to the time-independent ressive MHD eguaions in a
periodic cylinder indude hdicd Ohmic equilibria with average axid fidd reversa [§].
Further, Cappelo and Escande have found a trandtion between these Steedy single-hdidty
laminar sates and ungteedy multi-hdicity dates a Hartmann number H~2500 for aspect ratio
R/a=4 and pinch parameter Q=19 [9]. In toroidd geomelry, pure sngle-hdicity solutions do
not exig, due to the geometric coupling among different poloidd Fourier components (m
numbers) for any toroidd Fourier componet (n).  Nonethdess, laminar daes with a
dognficant volume of nested hdica flux surfaces may exit. Here we report on a numerica
sudy with the NIMROD code [10] thet investigetes laminar pinch states in toroida geometry.

To explore conditions where toroidd geometry effects may be important, we have run a
number of pinch dmulaions in both toroidd and periodic cylindricd geometry a S=2000
while vaying viscosty (Pm=1, 10, and 100), aspect ratio (1LIER/aE5), and pinch parameter
(L4QE2). At Pm=1 (H=2000) and Q316, we find that the usuad nonlinear multi-hdicity
coupling among resonant fluctuations dominates geometric coupling, and there is little to
diginguish the toroidd results from cylindricad results At Pm=10 in cylindricd geometry,
dnge-hdicity dates with nested hdicd flux surfaces result, but the same conditions in
toroidd geometry produce magnetic dochedticity over most of the domain (see Fg. 1a). The
mean magnetic field in these cases exhibits reversd, so =0 fluctuations are resonant. An
m~0 idand chain is evident, and the n-number of the chain maiches that of the dominant,
hdlicd m=1 perturbation, so we infer that the excitation is geometric, rather than nonlinear.  If
Pm is increased to 100 or Q is decreased to 1.4, the resulting mean field loses reversd, hence
m=0 is not resonant.  With m=0 idands precluded, nested hdicd flux surfaces form (Fig. 1b).
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The realts ae then quditativdy dmilar to the corresponding cylindricd results  The
importance of the m=0 resonance for the formation of nested helicd flux surfaces in toroidd

geometry has been confirmed over aspect ratios 1.25£R/aES.
b)
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FIG.1. Poincaré surfaces of section for magnetic field resulting from NIMROD

toroidal pinch simulations with Rla=1.75, Pm=10, and a) Q=1.8 and b) Q=14.

3. MHD Dynamics of Oscillating Field Current Drive (OFCD)

Ogcillating Fidd Current Drive (OFCD), dso cdled FQ pumping, wes fird proposed in [11]
a a technique to drive deady-dae current in the RFP. In OFCD hdicity is injected by
oillating the toroidd and poloidd surface voltages 90° out of phase. We investigate the full
nonlinear dynamics of OFCD usng 3D ressive MHD computation in a cylinder, (the DEBS
code) a Lundquist numbers up to S=5 * 10°, and aspect ratio R/a = 1.6. The penetration of
driven axisymmetric oscillating fidds, the response of the hdicad tearing inddbilities, and the
driven current are examined. We dso evduate the 1D response of the plasma to compare the
actud 3D dtuation with 1D case in which the tearing modes are absent. In the absence of
tearing fluctuations, osdllaing fidds generale a deady-dtate edge current driven by the
dynamo effect (<voo X Boo>) from the axisymmetric velocity and magnetic fidld oscillations.
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FIG.2 Total axial current vs. time. The ac FIG.3 Time averaged current density profiles
fieldsE,= e, sinwt), E,= gsn(wt+ p/2) for standard RFP and OFCD plasma

areapplied at t=0.03%,(S=5" 10°)

The 3D computation dows that the tearing fluctuaions transport the edge current towards the
center (by the tearing mode dynamo), resulting in a Seedy-dtate current over the entire cross-
section. Fg.2 illudraes the totd plasma current susained by OFCD in the abisence of a dc
dectric fiedd . Although OFCD is aile to sudan the plasma current, the current oscillations
ae lage (@ S=1C° the current oscillates by 100%). The osdillating amplitudes recuired to
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drive a given amount of tota current decresse a high S. We find that the current oscillations
decreaseto about 50% a S=5 * 10°.

The radid profile of time averaged current in an OFCD plasma is shown in Fg3. The
mechaniam of current penetration into the core is invedtigated by andyzing the dynamo terms.
The dynamo from the axisymmetric ostllations drives a time averaged edge current (Fig4
(@) while the core current is sustained by the dynamo from the helicd tearing fluctuations
(Fig4 (b)). As the reversd parameter F deegpens through a cycle, edge resonant modes (modes
resonant outside the reversal surface) are excited, resulting in large fluctuation amplitudes. It
is expected that this globd (nearly ided) edge mode may be suppressed in high S plasmas
where the reversal isweak. OFCD ispresently being tested in MST experiments.

4. Effect Of Toroidal Flows On Tearing Mode Stability

Linearized MHD eguaions in cylindricd geometry are solved numericdly to determine the
dability factor D' for toroidd flows with shear locdized away from the rationd surface in the
externd region [12]. Both mF1l and m=0 modes are destabilized by edge-locdized flows For
flows whose shear is conagent with the edge shear layer of enhanced confinement in MST,
the growth rate of m=1 modes is increased by a gmdl factor, while m=0 modes change from
damped to growing. The destabilization of m=0 modes by edge locdized flow shear may thus
account for the MmO burds obsarved in the experiments The deady dae rotation profiles
with shear in the region of modes with n>6, but outsde the n=6 surface is shown to
destebilize the n=6 mode and dabilize modes with n>6. This may account for an observed
propensty toward the formaion of quashdicity n=6 dates during pulsed poloidd current
drive.

5. Resistive-ldeal Transtion of Pressure-Driven Instabilities

In experimentd RFP plasmas with improved confinement beta is increesng to the point thet
pressure-driven ingabilities can begin to be dgnificant. We examine the liner MHD dability
of locd and goba reddive pressuredriven indabiliies computetiondly in a cylinder [13]. A
locdized pressure-driven ingability in a bad curvaiure region is exdted if the dability
paameter Ds > 025 [14]. The andyticd cdculation [1516] shows tha the growth rate
depends on Ds (which is proportiond to betd). It is exponentidly smdl near the ided limit
(Ds = 0.25), becoming large for Ox vadues wel above this limit. Here we employ initid vaue
computation (DEBS code in the liner regime) to evduae the growth rate and radid
dructure, for arbitrary wave number. To isolate the pressure driven modes, an equilibrium
which is stable to resstive current driven modes is chosen (by the Decriterion).

The dependence of growth rate on I for the m=1, k=105 node at S=1¢° is shown in Fig. 5.
We find thet the trangtion from resdive to ided interchange modes occurs a high Ds ~1.0.
For a rather wide range of beta, from zero to severd times the Suydam limit, the high-k
interchange mode is resdive. It is resdive in its radid dructure i. e the radid fidd is non
zero a the resonant surface, and its growth rate, which is smal and scdes as S¥3 at low O,

wheress at very high Ds, gisroughly independent of S (ided scaling).

We have examined the growth rate and radid dructure of globd modes, low-k pressure-
driven modes, and find that they dso display a trandtion from reddive to ided ingability as
beta increases. We obsarve that the growth rate for the globa modes is about equd to thet of
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the locdized interchange. Since the locdized modes are more subject to Sabilization by finite
Larmor radius, the globa modes will likely be more influentid a high beta
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FIG.4 Cyde averaged dynamo terms FIG.5. The growth rate vs. D. Computational
from: (a) symmetric oscillations, results for resistive modes (D), pure ideal
(b) helical tearing fluctuations modes (O), analytical result for idea linterchange
modes ( solid line), the Suydam limit (dashed ling)
6. SUmmary

The key results obtained for twofluid, toroidd and nonlinear effects in RFP: (1) quesilinear
theory predicts that the two-fluid dynamo aising from the Hdl term is much larger than the
gandard MHD dynamo present in a singlefluid treatment, (2) geomeric coupling from
toroidicity precludes the occurrence of nested helica flux surfaces, except for nonreversed
plasmas, (3) OFCD, a form of AC hdicity injection, can sudan the RFP plasma current,
dthough magnetic fluctuations are enhanced, (4) edge shear flow can dedtabilize the edge
resonant m = 0 modes, which occur as spikes in experiment, and (5) pressure driven modes
areresdive a low beta, only becoming ided a betavaues severd times the Suydam limit.
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