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Quasi-single helicity spectra in the Madison Symmetric Torus

L. Marrelli
Consorzio RFX, Associazione EURATOM-ENEA per la fusione, Corso Stati Uniti, 4-35127 Padova, Italy

P. Martin and G. Spizzo
Consorzio RFX, Associazione EURATOM-ENEA per la fusione, Corso Stati Uniti, 4-35127 Padova, Italy
and lIstituto Nazionale di Fisica della Materia, UdR Padova, Italy

P. Franz
Consorzio RFX, Associazione EURATOM-ENEA per la fusione, Corso Stati Uniti, 4-35127 Padova, Italy

B. E. Chapman, D. Craig, J. S. Sarff, T. M. Biewer, S. C. Prager, and J. C. Reardon
Department of Physics, University of Wisconsin, 1150 University Avenue, Madison, Wisconsin 53706

(Received 23 January 2002; accepted 9 April 2002

Evidence of a self-organized collapse towards a narrow spectrum of magnetic instabilities in the
Madison Symmetric TorugR. N. Dexter, D. W. Kerst, T. W. Lovell, S. C. Prager, and J. C. Sprott,
Fusion Technol19, 131 (1991)] reversed field pinch device is presented. In this collapsed state,
dubbed quasi-single helicifQSH), 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 them=1 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 Physic§DOI: 10.1063/1.1482766

The self-organization of toroidal plasmas into preferredfor the theoretical SH state, hence these experimental spectra
magnetic equilibria constitutes an interesting feature relevarare referred to as quasi-single helicitySH).
to many natural and laboratory plasmas. The self-organizing In this Letter we report new results from the Madison
dynamics typically involve complicated nonlinear interac- Symmetric TorusMST) RFP, in which the spectrum of mag-
tions among many magnetic instabilities. The reversed fieldetic modes condenses spontaneously to one dominant mode
pinch (RFP*? is an example of a plasma configuration in more completely than ever before obser$etf. Moreover,
which such a collection of spatial Fourier modes has a largéor the first time it is observed that the spectra are character-
effect on the macroscopic behavior of the plasma. In the RFfZed not only by the increase of one=1 mode, but also by
these modes underlie the magnetic field generation mech#€ simultaneous decrease of the otimer 1 modes. We will
nism called “dynamo,” and can cause the magnetic fielg@lso discuss new results on the identification.of control pa-
lines to wander chaotically, leading to rapid energy loss. Thig@meters for the onset of the QSH spectra. Evidence of a hot
is what typically happens in the standard multiple helicity ©°™® hel'flal structure will also be illustrated. _
(MH) regime, where many instabilities with poloidal mode ~_ MST~ (minor radius a=0.52m, major radiusR,

numberm=1 but different toroidal number and similar am- _ 1.5m, plasma current up to 0.5 MAas at least two im-

plitudes are simultaneously present in the plasma, driving gortant features for QSH dynamics: it is the lowest aspect

turbulent dynamo. An approach to reduce the magneticgatlo RFP device in operatioii(=Ro/a~3), and itis char-

chaos, which has been suggested by theoretical #5is, to acterized by a very smooth and close shell. At srAalfewer

. L . . .m=1 modes of significant amplitude are expected to be
create a self-organized state which is dominated by a Smngresent in the plasm3. The smooth magnetic boundary
m=1 mode, leading to well formed, nonchaotic helical mag- '

i ; This | lled the sinale helidi wate. i might reduce field errors acting as seeds of magnetic stochas-
netic surfaces. This is called the single heliq8H) state, in ticity. Various experimental conditions have been explored in

which a laminar 'mstead pf a turbulent dynqmo acts, and thﬁ/lST, including different global plasma parameters, plasma
symmetry breaking required to have a stationary RFP equigrrent waveforms and the application of pulsed poloidal
librium in a resistive plasma is provided by the nonlinearqrent drive(PPCD, -5 a technique consisting of the in-
saturation of a resistive kink modeThe SH state is not the gyction of a poloidal electric field at the plasma edge to
helical Taylor staté.Experimental RFP plasmas in which the syppress magnetic fluctuations. The discharges studied for
spectrum ofm=1 modes condenses spontaneously 0 ongnis Letter have plasma currehy, line averaged electron
dominant mode with a well defined toroidal numirehave densityn,, and reversal parameter(=B 4(a)/(B,)) respec-
been observed in several deviéegin the RFX device these tively, in the ranges 021,<0.4 MA, 0.5<n,<2
spectra have been observed to last for the entire dischargg,10'°°m 3, —1.0<F<0. F and ©® [where ©

and a helical coherent structure, hotter than the plasma B,(a)/(B,)] are two parameters traditionally used to de-
nearby, is detected in the plasma cHtelhe ratio of the scribe RFP magnetic equilibrfaB,(a) and By(a) are the
dominant to the other secondary modes is much smaller thamoloidal and toroidal magnetic field at the wall, whereas
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FIG. 1. (Color) Time evolution of the magnetim=1 modes measured with

a toroidal array of magnetic field sensing coils at the plasma surface. Am
plitudes ofm=1, n=5-8 and the spectral spredd for a MH plasma(a),

(c) and for a spontaneous QSH plastha (d) are shown(black:n=5; red:
n=6; green:n=7; blue:n=8).

i

(B, is the cross-section averaged toroidal magnetic field.
Magnetic evidence of QSH spectra are observed in MST
Fig. 1 compares then=1 magnetic mode behavior for two
0.4 MA plasmas: one with a MH and one with a QSH spec-FIG. 2. (Color) Probability density distribution function dis values(a) for
trum. Figure 1a) shows the time evolution of then=1 three difgeregt values of plasma currdrnzzoo,_ 300 and 400 KA ah,
modes amplitudeénstantaneous spatial Fourier decomposi-:elnzitlyolnrl o.g,nle, %&oigigar:fjgb) ;ct’r Itzrjiocgﬁlff”tl;’i;?jsofp‘zﬁs)ma
tlo_n based on a toroidal array of 32 po_I0|daI _f_|9|d p',Ck'“p=j§‘Sp(N5ng: (6) for the p(N) functions of frame(a); (d) for thep(NZ)
coils'®) for the MH plasma. Since MHD instabilities eigen- functions of frame(b). (e) Location of the QSH plasmas in tie- © plane.
functions are global, edge magnetic fluctuations measureslack dots corresponds to QSH spectra with domimeas, red crosses to
ments are representative of the core behavial. the m n=6 and blue triangles to QSH during PPCD with dominast6.
=1 modes have roughly the same amplitude. This is not the
case for the spontaneous QSH plasma shown in Fim. In
this case the QSH spectrum is evident between 10 and lever decreases below[Rig. 1(c)], in the QSH periodFig.
ms, where them=1, n=6) mode dominates the toroidal 1(d)] Ng approaches the value of 1, which is the value for a
spectrum with an amplitude normalized to the edge poloidapure Single Helicity state.
field by, 16)/Bg(a)<1.4%. Simultaneously a reduction of The large MST dataset of reproducible discharge enables
the secondaryn=1 modes is also observed, a feature rathem statistical analysis of the main features of QSH states, and
typical in MST, as we shall show also in Fig. 3. To charac-the search for experimental control parameters which favor
terize quantitatively the shape of magnetic spectra, the timéheir onset. The analysis has been carried out in a set of
evolution of the spectral spread numbblg, is plotted in =770 discharges, where the plasma quantities have been
Figs. Xc), Ad. Ng is defined as Ng sampled over contiguous 0.2 ms time intervals, for a total of
=[Zn(0F, 10/ Z1L5D5 (1) %1~ - While in the MH caseNs  about 56,000 points. Since many MST discharges are af-
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115 - QSH spectra. In Fig. ®) p(Ng) is plotted for three sets of

ia) | ! discharges, whose flat-top plasma density was pre-
| programmed to,=0.5+0.1,1+0.1,2+ 0.2 10** m~3. The

sets include 2000 points from 169 different discharges. All

these discharges havé,=410+10 kA and F=-0.19

+0.01. The plasmas with,=2x 10" m~2 have, on aver-

age, broadem=1 spectra. Figures(2) and Zd) summarize

the current and density dependence by showing the integral

P(Ns)szSp(Ng)ng of the distributions of Figs. (&) and

2(b) vs Ng. The P(Ny) curves corresponding to higher cur-

rent and lower density are above the others. In QSH regimes

i ! Bald) o

b,

0.5 (b) " sppcp || (C) ;2 the m=1 magnetic mode spectrum peaks around toroidal
04t 'ﬁ, ®stancare) | : / | mode numbersi,=5 or 6, and very rarely around,=7.
Foa| 4 0'" , 1905 9 These modes are resonant near the magnetic axis according
& gol I“ Ay A lo4 & to typical MST safety factor profiles, i.e., those wiihclos-
i e | P _gp 5 est to 1¢(0) ~ 2R/a. The toroidal mode number of the
i o \ v b dominant mode can be selected by varying the magnetic
D'Dn *1 ST 3 BB 15 P — ';n':":' equilibrium, and in particular thE and® parameters. Figure
r:fﬁ = s e ko2 B 2(e) shows the location in thE — 0 plane of QSH plasmas.

They are separated according to toroidal mode number of the
FIG. 4. (Color (a) Time evolution of the magnetim=1 mode amplitudes  dominant instability. Plasmas with dominant maue 5 are
S o s Wi s b Doty ity Characterized by weak o zero taverfak. F2—0.2) and
curve of obtainings; a giCen value o for PPCD and standard plasmasy. by ©<1.65. A QSH Sp_eCtrum with a dominant=6 corre- .

sponds to®=1.65, which corresponds to a lower on-axis

safety factor.
fected by discrete, quasi-periodic relaxation events called The statistical analysis shows that spontaneous QSH
sawtooth crashe$,the sampling is performed in periods free states are characterized by a reduction of the secondary
from crashes. Plasma current is a parameter that plays a rolel mode amplitudes. This result is described in Fig. 3. In
in the probability of getting a QSH spectrum. In FigaPthe  particular, Fig. 8a) shows the behavior of the normalized
probability density distribution functiop(Ng) of Ng values  rms of the secondary models;*= \/Ese(‘b%’(lﬂ)/Bg(a), S
is plotted for three sets of discharges, whose flat-top currertlg. Each point represents an average over many data with
was pre-programmed tdp=206+3, 313t4 and 425 Ngin a narrow range. The normalized rms of the secondary
+5KA. The sets include 2,800 points from 290 different modes increases witKg, i.e., it is lower in QSH conditions.
discharges withF~—0.18+0.01, n.~1+0.1x10**m 3. This is not the case for the rms of ati=1 modes[Fig.
pP(Ng) is normalized such thafp(Ng)dNg=1. The p(Ny) 3(b)], which also includes the dominant mode and is higher
curve is displaced towards lower values for the higher curin the QSH spectra. QSH plasmas are therefore characterized
rent. This indicates a higher probability to obtain QSH specby an overall largem=1 modes energy than MH plasmas,
tra with higher plasma current. Medium-low values of thebut the energy is concentrated in one mode in QSH com-
electron density also make more likely the achievement opared to many in MH.

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 ampli-
tude. (c) Wavelet spectrum of one SXR signal. The
black curve superimposed to the spectrum gives the
time evolution of the dominant magnetic mode rotation
frequency.
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The difference between MH and QSH spectra in MST isrespect to the magnetic axis and the magnetic modes rotate,
not only limited to magnetic properties. In FigicBthe soft-  this is a signature of am=1 oscillation. The wavelet spec-
x-ray (SXR) emission measured through auim thick beryl-  trum of these signals shows that these oscillations have a
lium filter is plotted vsNg. This SXR emission is a function well defined frequency which coincides with the poloidal
of the electron density, temperature, and of impurity concenrotation frequency of the dominant=1 mode[Fig. 5(c)].
tration. All the discharges used for this figure have similarin addition, we note that the amplitude of the SXR oscilla-
density. The highest values of the SXR emission occur withion varies with time, and is proportional to the amplitude of
QSH spectra, a result that is consistent with a hotter plasmtne dominaninm=1 magnetic modéFig. 5b)].
core. Although the theoretical SH state without magnetic

The probability of obtaining long-lasting QSH spectra atchaos has not yet been experimentally achieved, the ob-
0.4 MA is enhanced by the application of PPCD, as showrserved collapse to a narrow spectrum suggests that a broad
by the the analysis of optimized PP&Dexperiments at,  spectrum of magnetic fluctuations is not an unavoidable fea-
~0.4 MA. The time evolution of then=1 mode amplitudes ture of the RFP. It remains to be determined whether there
for a typical 0.4 MA QSH during PPCD is reported in Fig. are other experimental control parameters which can extend
4(a). Figure 4b) shows the comparison of probability den- these observed QSH spectra to the pure, stationary SH state.
sity distribution function ofNg values,p(Ng), for plasmas

without PPCD(136 discharges for a total of 1668 poingsidd  ACKNOWLEDGMENTS
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