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Quasi-single helicity spectra in the Madison Symmetric Torus
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Evidence of a self-organized collapse towards a narrow spectrum of magnetic instabilities in the
Madison Symmetric Torus@R. N. Dexter, D. W. Kerst, T. W. Lovell, S. C. Prager, and J. C. Sprott,
Fusion Technol.19, 131 ~1991!# reversed field pinch device is presented. In this collapsed state,
dubbed quasi-single helicity~QSH!, the spectrum of magnetic modes condenses spontaneously to
one dominant mode more completely than ever before observed. The amplitudes of all but the
largest of them51 modes decrease in QSH states. New results about thermal features of QSH
spectra and the identification of global control parameters for their onset are also discussed.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1482766#
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The self-organization of toroidal plasmas into preferr
magnetic equilibria constitutes an interesting feature relev
to many natural and laboratory plasmas. The self-organiz
dynamics typically involve complicated nonlinear intera
tions among many magnetic instabilities. The reversed fi
pinch ~RFP!1,2 is an example of a plasma configuration
which such a collection of spatial Fourier modes has a la
effect on the macroscopic behavior of the plasma. In the R
these modes underlie the magnetic field generation me
nism called ‘‘dynamo,’’ and can cause the magnetic fie
lines to wander chaotically, leading to rapid energy loss. T
is what typically happens in the standard multiple helic
~MH! regime, where many instabilities with poloidal mod
numberm51 but different toroidal number and similar am
plitudes are simultaneously present in the plasma, drivin
turbulent dynamo. An approach to reduce the magn
chaos, which has been suggested by theoretical work,3–5 is to
create a self-organized state which is dominated by a si
m51 mode, leading to well formed, nonchaotic helical ma
netic surfaces. This is called the single helicity~SH! state, in
which a laminar instead of a turbulent dynamo acts, and
symmetry breaking required to have a stationary RFP e
librium in a resistive plasma is provided by the nonline
saturation of a resistive kink mode.5 The SH state is not the
helical Taylor state.5 Experimental RFP plasmas in which th
spectrum ofm51 modes condenses spontaneously to
dominant mode with a well defined toroidal numbern have
been observed in several devices.6–9 In the RFX device these
spectra have been observed to last for the entire discha
and a helical coherent structure, hotter than the plas
nearby, is detected in the plasma core.10 The ratio of the
dominant to the other secondary modes is much smaller
2861070-664X/2002/9(7)/2868/4/$19.00
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for the theoretical SH state, hence these experimental spe
are referred to as quasi-single helicity~QSH!.

In this Letter we report new results from the Madiso
Symmetric Torus~MST! RFP, in which the spectrum of mag
netic modes condenses spontaneously to one dominant m
more completely than ever before observed.6–10 Moreover,
for the first time it is observed that the spectra are charac
ized not only by the increase of onem51 mode, but also by
the simultaneous decrease of the otherm51 modes. We will
also discuss new results on the identification of control
rameters for the onset of the QSH spectra. Evidence of a
core helical structure will also be illustrated.

MST11 ~minor radius a50.52 m, major radiusR0

51.5 m, plasma current up to 0.5 MA! has at least two im-
portant features for QSH dynamics: it is the lowest asp
ratio RFP device in operation (A5R0 /a'3), and it is char-
acterized by a very smooth and close shell. At smallA, fewer
m51 modes of significant amplitude are expected to
present in the plasma.12 The smooth magnetic boundar
might reduce field errors acting as seeds of magnetic stoc
ticity. Various experimental conditions have been explored
MST, including different global plasma parameters, plas
current waveforms and the application of pulsed poloi
current drive~PPCD!,13–15 a technique consisting of the in
duction of a poloidal electric field at the plasma edge
suppress magnetic fluctuations. The discharges studied
this Letter have plasma currentI p , line averaged electron
densityne and reversal parameterF (5Bf(a)/^Bf&) respec-
tively, in the ranges 0.2,I p,0.4 MA, 0.5,ne,2
31019 m23, 21.0,F,0. F and Q @where Q
5 Bu(a)/^Bf&] are two parameters traditionally used to d
scribe RFP magnetic equilibria.2 Bu(a) and Bf(a) are the
poloidal and toroidal magnetic field at the wall, where
8 © 2002 American Institute of Physics
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^Bf& is the cross-section averaged toroidal magnetic fiel
Magnetic evidence of QSH spectra are observed in M

Fig. 1 compares them51 magnetic mode behavior for tw
0.4 MA plasmas: one with a MH and one with a QSH spe
trum. Figure 1~a! shows the time evolution of them51
modes amplitudes~instantaneous spatial Fourier decompo
tion based on a toroidal array of 32 poloidal field pick-
coils16! for the MH plasma. Since MHD instabilities eigen
functions are global, edge magnetic fluctuations meas
ments are representative of the core behavior.2 All the m
51 modes have roughly the same amplitude. This is not
case for the spontaneous QSH plasma shown in Fig. 1~b!. In
this case the QSH spectrum is evident between 10 and
ms, where the~m51, n56! mode dominates the toroida
spectrum with an amplitude normalized to the edge polo
field bu,(1,6) /Bu(a),1.4%. Simultaneously a reduction o
the secondarym51 modes is also observed, a feature rat
typical in MST, as we shall show also in Fig. 3. To chara
terize quantitatively the shape of magnetic spectra, the t
evolution of the spectral spread number,NS , is plotted in
Figs. 1~c!, 1~d!. NS is defined as NS

5@(n(bu,(1,n)
2 /(n55

14 bu,(1,n)
2 )2#21.12 While in the MH caseNs

FIG. 1. ~Color! Time evolution of the magneticm51 modes measured with
a toroidal array of magnetic field sensing coils at the plasma surface.
plitudes ofm51, n55 – 8 and the spectral spreadNs for a MH plasma~a!,
~c! and for a spontaneous QSH plasma~b!, ~d! are shown~black:n55; red:
n56; green:n57; blue:n58!.
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never decreases below 2@Fig. 1~c!#, in the QSH period@Fig.
1~d!# Ns approaches the value of 1, which is the value fo
pure Single Helicity state.

The large MST dataset of reproducible discharge ena
a statistical analysis of the main features of QSH states,
the search for experimental control parameters which fa
their onset. The analysis has been carried out in a se
'770 discharges, where the plasma quantities have b
sampled over contiguous 0.2 ms time intervals, for a tota
about 56,000 points. Since many MST discharges are

-

FIG. 2. ~Color! Probability density distribution function ofNS values~a! for
three different values of plasma currentI P.200, 300 and 400 kA atne

.131019 m23 and F'20.2, and~b! for three different values of plasma
density ne.0.5, 1, 231019 m23 at I P.400 kA. Integrals P(Ns)
5*1

Nsp(Ns8)dNs8 : ~c! for thep(Ns) functions of frame~a!; ~d! for thep(Ns)
functions of frame~b!. ~e! Location of the QSH plasmas in theF2Q plane.
Black dots corresponds to QSH spectra with dominantn55, red crosses to
n56 and blue triangles to QSH during PPCD with dominantn56.
FIG. 3. ~a! Normalized rms secondary
modes, bu

sec vs Ns . ~b! Normalized
rms of allm51 modes,A(bu

2/Bu(a),
vs Ns . ~c! SXR emission measured
through a 7mm thick beryllium filter
vs Ns .
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fected by discrete, quasi-periodic relaxation events ca
sawtooth crashes,17 the sampling is performed in periods fre
from crashes. Plasma current is a parameter that plays a
in the probability of getting a QSH spectrum. In Fig. 2~a! the
probability density distribution functionp(Ns) of NS values
is plotted for three sets of discharges, whose flat-top cur
was pre-programmed toI P.20663, 31364 and 425
65 kA. The sets include 2,800 points from 290 differe
discharges withF;20.1860.01, ne;160.131019 m23.
p(NS) is normalized such that*p(NS)dNs51. The p(NS)
curve is displaced towards lower values for the higher c
rent. This indicates a higher probability to obtain QSH sp
tra with higher plasma current. Medium-low values of t
electron density also make more likely the achievemen

FIG. 4. ~Color! ~a! Time evolution of the magneticm51 mode amplitudes
during a PPCD shot where a QSH spectrum appears.~b! Probability density
distributions of Ns for plasmas with and without PPCD.~c! Probability
curve of obtaining a given value ofNs for PPCD and standard plasmas.
Downloaded 04 Feb 2005 to 128.104.223.90. Redistribution subject to AIP
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QSH spectra. In Fig. 2~b! p(NS) is plotted for three sets o
discharges, whose flat-top plasma density was p
programmed tone50.560.1,160.1,260.231019 m23. The
sets include 2000 points from 169 different discharges.
these discharges haveI p5410610 kA and F520.19
60.01. The plasmas withne.231019 m23 have, on aver-
age, broaderm51 spectra. Figures 2~c! and 2~d! summarize
the current and density dependence by showing the inte
P(Ns)5*1

Nsp(Ns8)dNs8 of the distributions of Figs. 2~a! and
2~b! vs Ns . The P(Ns) curves corresponding to higher cu
rent and lower density are above the others. In QSH regim
the m51 magnetic mode spectrum peaks around toroi
mode numbersn055 or 6, and very rarely aroundn057.
These modes are resonant near the magnetic axis acco
to typical MST safety factor profiles, i.e., those withn clos-
est to 1/q(0) ' 2R/a. The toroidal mode number of th
dominant mode can be selected by varying the magn
equilibrium, and in particular theF andQ parameters. Figure
2~e! shows the location in theF2Q plane of QSH plasmas
They are separated according to toroidal mode number of
dominant instability. Plasmas with dominant moden55 are
characterized by weak or zero reversal~i.e., F>20.2) and
by Q<1.65. A QSH spectrum with a dominantn56 corre-
sponds toQ>1.65, which corresponds to a lower on-ax
safety factor.

The statistical analysis shows that spontaneous Q
states are characterized by a reduction of the secondarm
51 mode amplitudes. This result is described in Fig. 3.
particular, Fig. 3~a! shows the behavior of the normalize
rms of the secondary modes,bu

sec5A(secbu,(1,n)
2 /Bu(a), vs

Ns . Each point represents an average over many data
Ns in a narrow range. The normalized rms of the second
modes increases withNs , i.e., it is lower in QSH conditions.
This is not the case for the rms of allm51 modes@Fig.
3~b!#, which also includes the dominant mode and is high
in the QSH spectra. QSH plasmas are therefore characte
by an overall largerm51 modes energy than MH plasma
but the energy is concentrated in one mode in QSH co
pared to many in MH.
li-
e
the
n

FIG. 5. ~Color! ~a! Oscillations in two SXR channels
during a QSH state.~b! Time evolution of the SXR
oscillation envelope and of the dominant mode amp
tude. ~c! Wavelet spectrum of one SXR signal. Th
black curve superimposed to the spectrum gives
time evolution of the dominant magnetic mode rotatio
frequency.
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The difference between MH and QSH spectra in MST
not only limited to magnetic properties. In Fig. 3~c! the soft-
x-ray ~SXR! emission measured through a 7mm thick beryl-
lium filter is plotted vsNs . This SXR emission is a function
of the electron density, temperature, and of impurity conc
tration. All the discharges used for this figure have simi
density. The highest values of the SXR emission occur w
QSH spectra, a result that is consistent with a hotter pla
core.

The probability of obtaining long-lasting QSH spectra
0.4 MA is enhanced by the application of PPCD, as sho
by the the analysis of optimized PPCD15 experiments atI p

'0.4 MA. The time evolution of them51 mode amplitudes
for a typical 0.4 MA QSH during PPCD is reported in Fi
4~a!. Figure 4~b! shows the comparison of probability de
sity distribution function ofNs values,p(NS), for plasmas
without PPCD~136 discharges for a total of 1668 points! and
with PPCD~108 discharges for a total of 1400 points!. The
PPCD distribution is shifted towards lower values ofNs : the
integral of the two distributions of Fig. 4~b!, shown in Fig.
4~c!, indicates that the probability of getting aNs value less
than 2 @P(2)5*1

2p(NS)dNS# with PPCD is almost double
that without PPCD. In PPCD experiments performed at
MA this trend is not observed. It is interesting that the pr
ence of a QSH spectrum during PPCD, with the increase
the amplitude of one mode, does not alter the energy c
finement. This can be explained as follows: the total m
netic fluctuation energy can increase during PPCD w
QSH, provided that the energy is concentrated in one mo
The large reduction of the secondary modes contribute
the decrease of magnetic stochasticity. The increase of
dominant instability does not counteract this process~as one
could expect from a classical island overlapping criterion18!
but could generate in the core a hot coherent magnetic s
ture with closed helical magnetic flux surfaces, similar
that observed in RFX.10 As shown in Fig. 2~c!, the QSH
spectra obtained during PPCD experiments have domi
n56, following the same trend obtained with spontaneo
QSH plasmas.

SXR measurements are consistent with the presence
hotterm51 helical structure in the plasma core, produced
the dominant MHD mode and associated with the format
of closed helical flux surfaces. During QSH phases the
nals from two SXR detectors display out-of-phase osci
tions superimposed on the slow trend: an example is sh
in Fig. 5~a!, for a QSH spectrum obtained during PPC
Since the two detectors view the plasma core along two li
of sight crossing the equatorial plane on opposite sides w
Downloaded 04 Feb 2005 to 128.104.223.90. Redistribution subject to AIP
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respect to the magnetic axis and the magnetic modes ro
this is a signature of anm51 oscillation. The wavelet spec
trum of these signals shows that these oscillations hav
well defined frequency which coincides with the poloid
rotation frequency of the dominantm51 mode@Fig. 5~c!#.
In addition, we note that the amplitude of the SXR oscil
tion varies with time, and is proportional to the amplitude
the dominantm51 magnetic mode@Fig. 5~b!#.

Although the theoretical SH state without magne
chaos has not yet been experimentally achieved, the
served collapse to a narrow spectrum suggests that a b
spectrum of magnetic fluctuations is not an unavoidable f
ture of the RFP. It remains to be determined whether th
are other experimental control parameters which can ext
these observed QSH spectra to the pure, stationary SH s
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