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Generation and sustainment of the reversed field piiRIFP magnetic configuration normally

relies on dynamo activity. The externally applied electric field tends to drive the equilibrium away
from the relaxed, minimum energy state which is roughly described by a flat normalized parallel
current density profile and is at marginal stability to tearing modes. Correlated fluctuations of
magnetic field and velocity create a dynamo electric field which broadens the parallel current
density profile, supplying the necessary edge current drive. These pervasive magnetic fluctuations
are also responsible for destruction of flux surfaces, relegating the standard RFP to a
stochastic-magnetic transport-limited device. Application of a tailored electric field p(ofileh
matches the relaxed current density profédlows sustainment of the RFP configuration without
dynamo-driven edge current. The method used to ascertain that a dynamo-free RFP plasma has been
created is reported here in detail. Several confinement improvements during the accompanying
periods of low magnetic fluctuations are observed. Namely, the magnetic fluctuation level is reduced
to the point where stochastic-magnetic transport is no longer the dominant process in the core and
nested flux surfaces are restored in the core of the dynamo-free REBO®AmMerican Institute of
Physics[DOI: 10.1063/1.1883666

I. INTRODUCTION gradient supplies energy to the tearing modes. Nonlinear in-
teraction of the modes produces dynamo and flattens the cur-
The reversed field pinch is a simple toroidal plasma crerent profile by driving parallel current in the edge and sup-
ated by applying a toroidal electric field within a relatively pressing it in the core. The experimental relaxed state
weak toroidal magnetic field and close fitting conducting(modified from Taylor's prediction as the boundary current
shell.l'zThe'res.uIting magnetic equilibriuwhere the toroi-  gensity must vanishis when the dynamo has sufficiently
dal magnetic field decreases monotonically with minor raxjatened they, /B profile to marginally stabilize the dominant

dius an_d reverses direction n the plasma_e)dme_s on tearing modes. When the dynamo current drive is str@sg
magnetic relaxation for sustainment. This is predicted byIS the case in the standard REEhe magnetic fluctuations
Taylor,3 where a minimum energy statwith the constraint ’

of conservation of global helicilyhas a flat normalized par are large enough so that islands on adjacent resonant surfaces
9 _ . . Pa overlap and create large radial bands of magnetic stochastic-

allel current density(J,/B=cons}. This requires substantial . . .

poloidal current drive in the edge which is not provided by'ty' The symmetry of nested magnetic surfaces is destroyed

the applied electric field. The dynamo effect—the self- and the confinement is dramatically lower than classical pre-

generation of current—is responsible for the necessary pag'Ct'Or_'S' L . . L .
allel current drive in the edg® With application of an inductive electric field profile that

The reversed field pinctRFP) equilibrium has closely is tailored to match the current density profile of the relaxed
spaced rational surfaces where resonant tearing instabilitief@te; the parallel edge current normally supplied by the dy-

create magnetic perturbations. The toroidal induction tend§2Mo is no longer needed to sustain the RFP configuration.

to create a very peaked parallel current density profile whoséh€se plasmas are called “dynamo free,” as the applied elec-
tric field profile does account for the current density over

Tpaper EI1 6, Bull. Am. Phys. S0d9, 99 (2004). _nearly the entire cross section. The _a!oplled electric field is
Pnvited speaker. intended to flatten th@,/B profile by driving parallel current
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in the edge, thereby providing stabilization to tearingx-ray emission from the plasma core; this type of structure

modes’ Both theJ, andB profiles are modified® (including  cannot be seen in a stochastic-magnetic region with overlap-
a substantial central peaking of the parallel current density ping islands. This gives solid experimental verification of the

J,/B undergoes a relatively subtle change but does stabilizeestoration of core flux surfaces.

the plasma to tearing modes, and the mode amplitudes are

observed to decrease dramatically. This narrows the islan
to the point where they no longer overlap, and there is a
increase in confinement consistent with the restoration of The degree of dynamo activity is monitored by a study

nested flux surfaces in the plasma core. of the parallel Ohm’s law. A standard RFP plasma has one or

This paper consists of two parts. First, a demonstratiofimore dynamo terms that are important, so a typical parallel
that the reversed field pinch can exist without a dynamo iDhm'’s law is

presented. A study of the parallel Ohm’s law is used to quan- 1

tify the level of dynamo activity: a plasma with zero dynamo E, + (¥ X B>u - = x ~b>u + o=, (1)
activity is described by a simple fori = 5J,. Any discrep- ne

ancy betweerk; and 7J; is evidence of some form of non-  \yhereE, is the parallel component of the inductive electric
inductive current drive, including dynamo activity. Standardﬁe|d, 7 is the plasma resistivity, andj is the parallel current
techniques are used to measure the resistivity and Cu”eﬂbnsity. The remaining terms on the left-hand side are non-
density profiles; and a new method analogous to equilibriumnqyctive drive terms, including fluctuation-based dynamo

reconstruction is used to compute the inductive electric ﬁel%echanisms(ﬁXB) is the single fluid MHD dynamo and
profile. As expected, there is a large imbalance in Ohm’s law.-.

for the standard RFP, which is theoreticdllyand xb) is the Hall dynamo term which has recently been

experimentally’ found to arise from the turbulent dynamo. measlléred as a significant contributor in some regions in
Application of the tailoredE, modifies the magnetic field, MST-* In this work, we are not concerned with which par-
current density, and resistivity profiles, but somewhat reficular dynamo mechanists) is (are active; the study here
markably it does indeed match the altenglj over nearly the IS @ comparison betwees and 7J. The difference between
entire cross section. Although transient, this is experimentdi’©S€ quantities must be accounted for by dynamo.
demonstration of a RFP plasma free of dynamo-driven cur-
rent. ~ A. Equilibrium and electric field reconstruction

The second part of the paper focuses on several confine-
ment properties which are consistent with the restoration of A quantitative study of Ohm’s law requires accurate
core flux surfaces with a proper]y app“ed external e|ectridneasurement5 of the electric fleld, reSiStiVity, current denSity,
field. The modification of the normalized current density pro-and magnetic field profiles. We use kinetic measurements to
file stabilizes the tearing modes which effectively turns offdetermine  the  resistivity,  standard  equilibrium
the dynamo current drive. As the appliEdmatches thepJ, reconstructiof® for magnetic field and current density pro-
of the improved equ”ibrium, there is no |Onger an externa|ﬁ|es, and a new tEChnique similar to equ”ibrium reconstruc-
drive away from the relaxed statehich does exist in stan- tion to determine the electric field profité.
dard RFP operation and a prolonged quiescent period is ~ The Grad-Shafranov equation

. OHM’S LAW BALANCE

observed. A= - uoRY,,
The experiments reported here were conducted in the
Madison Symmetric Toru§MST) (Ref. 1)—a RFP with 27FF’
major radius 1.5 m and minor radius 0.52 m. The discharges J¢= +27Rp, 2

studied herein have a plasma current ot 400 kA, central

toroidal magnetic fieldB4(0)~0.4 T, electron densityn,  specifies the equilibriumimagnetic field and flux, current
~1x10"¥m™3, and electron temperature up T@~1 keV.  density, and pressure profileshen the two free profiles

A subset of current drive-modified discharges has been séF=RB, andp, pressurgare specified. Here, the elliptic op-
lected for this analysis based on similar magnetic and quieseratorA*=R?V -(V/R?) and ¢ is the poloidal magnetic flux,
cent properties; in general there can be a large variance iandF andp are functions ofy only and are described by a
discharge performance. The dynamo-driving magnetic flucset of free parameters. The free parameters are varied and on
tuations drop with the application & and a rapid confine- each iteration a comparison to all available data is made; in
ment improvement is observed. Field line tracing illustratesMST this includes kinetic measuremer(sg., ne, Te, and
clearly the transition from stochastic-magnetic transport to &;), external magnetic measuremefjil|asma current, toroi-
state with other mechanisms needed to describe core trandal flux, B,(a), and poloidally resolved measurements of
port. Although some stochasticity remains just inside the reB,(a)], and internal magnetic measureme(gsch asB| on
versal surface—where the density of resonant tearing modexxis via the motional Stark effedMSE) and far-infrared

is highest—there is a significant measured temperature gragolarimetry. A minimization routine finds the best set of free
dient in this region. An observation of fagtunaway par- parameters yielding the best fit equilibrium.

ticles, which are notably absent from standard RFP plasmas, The inductive electric field profile is determined by a
indicates nonstochastic confinement consistent with nestesiethod similar to that of standard equilibrium reconstruc-
flux surfaces. Multiple distinct islands are observed in softtion. The partial derivative of Eq2) with respect to time is
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where the profiles oF, p’, andy (and thusF’, F”, andp”) [
are supplied by the equilibrium solution. The two free pro- [
files 9F/ ot anddp/ ot are evaluated at a constant poloidal flux 20)
profile. The time derivative of the current density and poloi-
dal flux profiles are computed at fixed spatial points, deter- .0.5[ i i . ;

mined by a grid drawn on the plasma cross section, and 0.0 0.2 0.4 e 0.6 0.8 1.0

hence this method incorporates directly changing flux geom-

etry. Specification of the two new free profiles determines thesiG. 1. (Color online. Comparison between current and current drive pro-

time rate of change of magnetic flux and hence toroidal andles in the standard RFP. The striking mismatch between the applied induc-
poloidal electric field profiles. Comparison to the time de_nve electric field and the prodqct c_Jf resistivity and current density demon-
L. . . . . . strates that dynamo current drive is rampant.

rivatives of all available magnetic signals on each iteration

determines the best fit. This has proven experimentally con-

venient, as many of the magnetic diagnostics are loop typeproidal flux at the plasma boundary. The magnetic field in

that is, the conventional data are actually integrations othe core is largely unaffectedhs seen in Fig. ®)] and the

measured V0|tages. The data fit in this teChnique are the ag:pp“ed Vo|tage is contained in the outer region of the

tual measurements. The uncertainty in the electric field iplasma; the parallel component of the electric field has a

governed by factors similar to those in standard equilibriumminimum just inside the reversal layer. This results in a

reconstruction. The MSE measurement®&(0)| versus time  nearly optimized parallel electric field profile as both the

adds a very strong constraint to the time-derivative fit. The

fits shown here are computed with three free parameters in

JdF' It (compared to four or five free parameters Fdrused 2-05 (a)

in typical equilibrium reconstruction This somewhat limits

the generalityand the uncertainty jnthe resultant profiles. —
With E, », andJ measured, an investigation of Ohm’s §

— Standard ]
—=—- Dynamo-free

—_
(6]
T

—_
o
T

law is possible. Figure 1 illustrates the pervasive role of dy- 0_55_ _____ ,/’Z:
namo activity in the standard reversed field pinch. The edge A ]
region shows an imbalance in Ohm’s law, where dynamo 0.6 N

terms account for the parallel current drive. There is also a -0.5E
strong imbalance in the core; here the dynamo opposes par- 0.20f
allel current drive(again acting in a sense to flatten the cur- E
rent density.

0.10f

o 0.00F

B. Suppression of dynamo: Dynamo-free RFP -0.10?

The imbalance in Ohm's law in Fig. 1 is striking over 3
nearly the entire radius; this is an indication of strong relax-
ation. It is therefore the goal to apply an electric field which
better matchesyJ;; namely, a profile with a large, positive 3
value at the boundary to drive the parallel current in the
resistive edge and a decreased value near the center. Thic 2 ,
provides a normalized current density profilenodified -
slightly from the standard RBRwhich is stable to tearing 1
modes with the conventional dynamo current drive replaced
by an externally induced electric field.

Figure Za) is a plot of the applied electric field in the
dynamo-free RFRgray, red onlingwith a comparison to the
standard RFP electric fielghlack line. The parallel electric  FIG. 2. (Color onling. Plots for the applied electric fieltd), g (b), and

: ; ; . ormalized parallel current densitg) are shown for standar@lack lineg
field is generated from two edge applied components; thgnd dynamo-freddashed lines, red onlineRFP plasmask; is modified

details can be found i.n Re.f- 15. |_t is imp.or_tan_t to note t.hatdrastically from the standard case, as are the edge magnetics indicaigd by
the poloidal electric field is applied by injecting negative J,/B, however, is not substantially altered.

0.0 0.2 0.4 0.6 0.8 1.0
r/a
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FIG. 3. (Color onling. Comparison between current and current drive in the ~ I I
dynamo-free RFFE; matcheszJ, over nearly the entire cross section, indi- Dd [ I |
cating a simple Ohm’s law is valid and the RFP plasma can exist without Y } }
dynamo current drive. . (d) 1 ] ]
° [ ]
i - S 4f ' ' 1
intended features are realized. The parallel component atthe — | [ | ]
edge is large and positive, and the core value is decreased. § oL I I ]
Figure 2c) demonstrates that while the current drive w | I ' ]
(electric field and edge magnetics are substantially different 0 |
0.005 0.010 0.015 0.020 0.025

during the dynamo-free period, the normalized parallel cur-
rent density(paramount to studies of Ohm'’s law and stability
to tearing modesis not dramatically changed. FIG. 4. (Color onling. The edge value of the applied electric field vs time

The temperaturéand hence resistivi)yprofile changes (a i_denti_fies thg start of the rr_lodifi‘ed current drive per(dm‘tmost Qashed

. . .. . vertical ling. Prior to the vertical line at=0.008 s E(a) is negative, in-
substantially during the transition from relaxing to dynarm)'dicative of a relaxing plasma. With the modified current drive profile, the
free; this has implications on Ohm'’s law balance. A detailedmagnetic fluctuation amplitudéb) is reduced, thd,, emission is reduced
description of the resistivity measurement and justification(c), and soft x-ray emission increases steaddy. The resulting improved
that neoclassical theory can be used to compute it can b@nfinement_lasts until the extgrnal cu_rrent d.rive expires and magnetic fluc-

. . . tuation activity resumes. Ohm’s law is studied and shows a dynamo-free
found in Ref. 14; in this work we have plotted the product of plasma at=0.0165 s(rightmost vertical dashed linen this discharge.
the resistivity and current density to facilitate comparison
with the electric field profile.

A second look at Ohm’s law balance, using the modifiedelectric field has led to increases in energy confinement and
profiles of electric field and current densignd resistivity 3 in several RFP devices, see, e.g., Refs. 16—19. In the stan-
plotted in Fig. 3, reveals a reversed-field pinch without dy-dard RFP, magnetic fluctuations responsible for current drive
namo current drive over nearly the entire cross section. Thibave radial components which are large enough to destroy
is an important result. This is experimental proof that theflux surfaces over nearly the entire plas?ﬂandependent
high 8 RFP configuration can exist without dynamo currentobservations from several diagnostiesd appropriate mod-
drive. The practical benefit, as we discuss next, is that theling and theoryin the MST indicate that the improved con-
large scale magnetic fluctuations which are responsible folinement in the dynamo-free RFP is a result of a restoration
dynamo current drive are also responsible for destruction o6f flux surfaces. The measurements described below indicate
flux surfaces, large stochastic-magnetic transport, and thiaat flux surfaces are restored over much of the plasma vol-
historically poor confinement of the RFP. Although the de-ume. Magnetic fluctuations are sufficiently reduced to the
mand for electric field in the midradius regignearr/a  point where stochastic-magnetic transport can no longer ex-
=0.6) is low, E; is slightly below 7J, and this is not yet plain the measured thermal conductivity, the spectrum of
perfect balance of Ohm’s law. Contrasting with Fig. 1, how-fluctuations(as opposed to simply the total rms amplitude
ever, where the dynamo electric field is larger than the apgoverns global confinement, fast particles are confined, and
plied electric field in both the edge and the core, it is clearmultiple, distinct islands are observed.
that this dynamo-free regime is distinct from the standard Rapid changes to several telling signals are observed
RFP. with the application of the tailored electric fie{the onset is

indicated by the dashed vertical linetat0.008 s in Fig. 4
IIl. CONFINEMENT PROPERTIES E(a [Fig. 4@)] is transformed from a negative valim-

The reduction of magnetic fluctuations consistent withdicative of a plasma relaxing through dynamo activity a
removal of dynamo current drive substantially alters the conpositive value. The Ohm’s law study abogghich shows a
finement properties. Transient application of the paralledynamo-free stajds performed 8.5 ms after the application

Time (s)
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of the electric field(indicated by the second vertical dashed 1000( @) T p T T
line in Fig. 4. Magnetic fluctuation amplitudd®,(a), Fig. [ ol W
4(b)] versus time are clearly affected. The gr@yeen on- 800 ]

line) line is the largest single mode with poloidal mode num-

berm=1 and toroidal mode number=6, resonant near the < 600}
center of the plasma, while the black line is the sum over &
toroidal mode numbersi=7-15. Emission measurements a00k
[D,, Fig. 4(c), and soft x-ray(SXR), Fig. 4(d)] are indicative

of rapid changes in confinement. Prior to application of par- 200

allel electric field, the RFP is characterized by periodic bursts
of magnetic fluctuation amplitude corresponding to a large

negative-going spike it (a), or discrete bursts of dynamo ol . . . .

L]
— = Measured

activity. These coincide with bursts iD, (indicative of _
—8- —&Predicted

plasma-wall interactionand immediately precede a sharp
reduction of SXR emission as core heat is rapidly lost. Upon
application of the parallel electric field, the high mode
amplitude decreases rapidly, thie, drops and the SXR ;@
steadily rises indicating improved confinemdtiie Ohmic £
@
=

input power is rapidly decreasing during this transiffon
Note that while then=7-15 amplitudes have dropped, the 10;
amplitude of the core resonant6 is actually quite large F
during the good confinement period frdm0.013 to 0.015 s.
This effect has been examined in detail in Ref. 22, where it is 1F 3
shown tha_t the central electron temperature correlates very 00 02 04 06 08 10
strongly with then=8-15 mode amplitudes and only weakly r/a

with total amplitude (including the n=6 core-resonant . ,

. . . . . . FIG. 5. (Color online. Measured temperature profiléa) are plotted for
modg. The discharge characterized in Fig. 4 is a typ'Calstandaro(black) and dynamo-freégray, red onling RFP plasmas. The mea-
example of the improved confinement; there are still a numsured thermal conductivitycomputed with the temperature gradient and
ber of bursts(observed in magnetic fluctuation amplitude Ohmic input powey for each case is plotteth). In addition, the predicted

; ; ; ; conductivity assuming only stochastic-magnetic transport is shown with a
and as Iarge SplkeS in the electric f&aﬂhrlng the eXtema”y narrow line and squares. The standard RFP is clearly governed by stochastic

applied paralllel edge' field. Discharggs that are purSt'freﬁansport, while transport in the core of the dynamo-free RFP cannot be
over the entire duration of the applied electric field areexplained by magnetic stochasticity.

attainablé® and the temperature of such discharges is higher
than shown in Fig. 5. This particular set of slightly less im-
pressive discharges has been studied in detail be¢aose- combination of experiment and simulation. The magnetic
what unexpected)ythe measurement &;; and hence ofy  field and resistivity profiles are input to a three-dimensional
has been more reliable in discharges with some burds,in  (3D) magnetohydrodynamic§MHD) computation which
emissior?®> The end of the good confinement period isfinds the radial eigenfunction of each mode. The edge-
marked by a return of the higher magnetic fluctuatiddg, measured fluctuation amplitude is used to scale the eigen-
indicates edge activity, and the SXR emission indicates &unction and obtain the radial field perturbation for each
rapid loss of heat. mode as a function of radius. A field line tracing code then
follows the field lines based on the radial perturbations ev-
erywhere and computes the magnetic diffusion coefficient
Dy. For stochastic diffusion, the thermal conductiviy

The standard RFP is governed by stochastic-magneticv Dy, is the product of the parallel velocity with the mag-
transport® The temperature profiles measured by Thomsometic diffusion coefficient as particléand their heatstream
scattering in standard and dynamo-free RFP discharges afeeely along a radially wandering magnetic field. These pre-
shown in Fig. %a). The standard profile is showhlack line dictions are plotted versus radius for standard and dynamo-
with a central value of about 300 eV and a very small grafree discharges. The uncertainties in this analysis are sub-
dient everywhere inside/a=0.9. Conversely, T, in the stantial (see Ref. 20 for details but there are three
dynamo-free RFRplotted in gray, red onlinehas a central conclusions to draw. First, the standard RFP is clearly gov-
value more than twice that in the standard case, and a sulerned by stochastic magnetic transport. Second, there is a
stantial gradient is observed over the entire cross sectiomegion, nearr/a=0.6, in the dynamo-free case where the
The thermal conductivity profilg, based on the measured measured thermal conductivity agrees with the stochastic
temperature and power deposition profiles is shown for botimodel. Finally, the measured thermal conductivity in the core
cases in Fig. &); x. in the dynamo-free case is much lower of the dynamo-free plasma cannot be explained by
as expected from the temperature gradients. The predictestiochastic-magnetic transport. One caveat in this analysis is
thermal conductivity from stochastic field line wandering for that eigenfunctions have not been computed for the dynamo-
each case is also shown. These values are obtained througlfree case; those computed for the standard RFP have been

A. Transition away from stochastic transport
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FIG. 6. (Color onling. The measured hard x-ray spectrum is plotted for

standard(black and dynamo-fredgray, red onling discharges. The solid FIG. 7. (Color onling. Multiple core magnetic islands are seen in SXR

lines accompanying each are Fokker—Planck calculations which best fit themission during dynamo-free operation. This tomographic inversion is per-

measured spectrum. The standard case has a diffusion proportional to pgormed on a discharge with small but finite-6 andn=8 mode amplitudes

allel speed(consistent with stochastic-magnetic transponthile diffusion and a nearly vanishingn=7 amplitude. Overplotted in black are thg

in the dynamo-free case is independent of parallel velocity, indicating a=1/6, 1/7, and 1/&urfaces from equilibrium reconstruction.

different transport mechanism is dominant.

used. However, comparison gfprofiles [Fig. 2b)] shows o4 atributable to stochastic-magnetic transport. This type of
the location of core-resonant modes is similar for the tWoyitrsion would be expected, however, for electrostatic trans-
cases. port within a configuration with closed flux surfaces.

B. Fast particles confined

With the standard RFP’s large loop voltage
(~10-20 V) and low electron density~1x 10*° m™3) one
would expect to see a significant number of runaway elec- Perhaps the most direct evidence of restored flux sur-
trons. They are not observed. The reason is that the confinéaces in the dynamo-free RFP is provided by SXR emission.
ment of fast particles is poor due to magnetic stochasticityA four-camera, 74-chord array of SXR photodiodes provides
The transport is governed by Rechester—Rosenbluth-likexcellent coverage of the plasma cross section and enables
streaming of electrons along field lines which wander raditwo-dimensional tomographic reconstruction. There is an ex-
ally, or Drr=v,Dy Where the overall diffusion is expected to tremely bright, peaked emission profile during dynamo-free
be proportional to the parallel speed of the particle. Withperiods, but analysis of the fluctuating component of the
nested flux surfaces this model will not apply, and the depenSXR emission yields information about the localized struc-
dence of parallel velocity in the transport will be removed. tures in the profile. Given that the core modes often rotate in

Figure 6 is a rigorous measurement and accompanyinthe MST, a single large mode leads to a single frequency
Fokker—Plank modeling which demonstrates the nature dfiuctuation on the emission from a given viewing chord. A
transport in two different RFP regimé‘éShown in black is  second fluctuation with a slightly different frequency leads to
the hard x-ray flux measured by a CdZnTe detector viewingan emission signal with a beat pattern added to the initial
the core of the standard RFP. There is a small but measurescillation from a single mode. Careful analySiand inver-
able flux up to about 40 keV but above this energy there ision of the emission signals reveals island-shaped structures
effectively no flux. Fokker—Planck modeliﬁsgadds a crucial in the core of the MST plasma.
point to this analysis. Along with the measured equilibrium  Figure 7 is a tomographic inversion of the fluctuating
and resistivity profiles as input, a specified diffusion baseccomponent of the SXR emission during a particular dynamo-
on two parameter®, =D, (v,/vy,)* will predict the x-ray free period where the measured mode amplitudes are all de-
spectrum. The best fit to the standard dat®js-25 nt/s  creased substantially from the standard RFP level, but the
and a=1. The latter number makes this consistent withn=6 andn=8 are considerably stronger than the neighboring
stochastic-magnetic transport. n=7,9,10,... modes. The reconstruction clearly shows two

During dynamo-free RFPs, the situation is quite differ-m=1 island structures in the core of the RFP, and they are
ent. Shown in gray(red onling lines in Fig. 6 is the flux located as expected: tlig=1/6, 1/7 and 1/&urfaces from
from the plasma core during the dynamo-free period. Theequilibrium reconstruction are overplottdalack circleg and
flux at low energy is increased over the standard RFP levdhtersect the island structures.
by more than an order of magnitude and a finite flux is mea- The decrease in radial magnetic perturbations during
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C. Multiple core islands observed
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