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Reduced intermittency in the magnetic turbulence
of reversed field pinch plasmas
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The statistical temporal properties of broadband magnetic turbulence in the edge of reversed field
pinch(RFP plasmas are significantly altered when global magnetohydrodynamic tearing modes and
magnetic relaxation are reduced. Standard RFP plasmas, having relatively large tearing fluctuations,
exhibit broadband intermittent bursts of magnetic fluctuations in the bandfdih5 MHz. When

the global tearing is reduced via parallel current drive in the edge region, the magnetic turbulence
is much less intermittent and has statistical behavior typical of self-similar turbulékeethat
expected in self-organized criticality system# connection between intermittency and long
wavelength plasma instabilities is therefore implied2@5 American Institute of Physics

[DOI: 10.1063/1.1850475

Magnetically confined plasmas are well known to ex-pressed. Standard RFP plasmas exhibit magnetic relaxation
hibit turbulent fluctuations and transport of energy and parthrough a nonlinear process involving resistive magnetohy-
ticles with a bursty nature: i.e., transport occurs in irregularlydrodynamic (MHD) tearing instabilities, which generate
distributed short-lived random events. The properties of the-1% fluctuations in the magnetic fieldThe broadband
turbulence reflect its underlying origin, which generally re-magnetic turbulence exhibits a non-self-similar character,
mains not well understood. An important, potentially dis-much like that previously reported for electrostatic turbu-
criminating property is the appearance of self-similarity inlence and particle transport in the edge plaé‘r'ﬁ?aln con-
the fluctuations and transport at different temporal and sparast, the magnetic turbulence is less intermittent and nearly
tial scales. A quantity is self-similar in time if the distribu-  self-similar at different scales when the MHD tearing is re-
tion of its increments,5,b=b(t+7)—b(t), collapses to one duced by roughly a factor of thrééhrough adjustment of the
statistical distribution for each time scateFor example, in  plasma current drive The high frequency fluctuation ampli-
the phenomenological Kolmogorov thedrthis distribution  tude and coherence length are also decreased, and the spec-
is Gaussian, reflecting the random nature of the turbulenceal power density decays with frequency more rapidly.
interaction. Experimental evidence from several laboratoryThese observations suggest a connection between the global
toroidal magnetic configurationgprimarily tokamak and tearing and the broadband, smaller amplitude magnetic tur-
stellarator plasmassupports a characterization of edge bulence. Previous work showed that the intermittency in
plasma turbulence as having a self-similar nafurehile  electrostatic turbulence correlates in time with distinct mag-
other evidence from reversed field pin@RFP plasmas in- netic relaxation eventsThis paper also reports that standard
dicates self-similarity is not a general feature of toroidalRFP data selected to avoid the largest relaxation events have
plasmas due to the presence of intermittency in turbulencthe same non-self-similar character. The changes observed in
time series:® One implication for a lack of self-similarity is reduced-tearing plasmas are therefore not merely the result
that the turbulence driven transport cannot be describedf large-event suppression.
within a self-organized criticallf{SOQ paradigm?J which The plasmas for this work were formed in the Madison
models avalanche-like transport in marginal-stability sys-symmetric torusMST), a circular cross-section torus with
tems. An SOC-like process has also recently been proposedinor and major radiia=0.5 m andR=1.5 m and plasma
for magnetic helicity(or parallel currenttransport in a de- current capability<0.5 MA.'° Two types of plasma are com-
scription of the Taylor relaxation of RFP plasnfas. pared. The first is the standard RFP formed by steady toroi-

This paper reports on the statistical properties of broadelal induction. Standard plasmas are self-organized via a dy-
band magnetic turbulence measured in the edge of two typesamo process involving MHD tearirfy.The resulting
of RFP plasmas: standard ones exhibiting a relaxation behawagnetic turbulence is also the main cause for energy and
ior and reduced-tearing plasmas in which relaxation is supparticle transport in most of the plasma volumé&he sec-
ond type of plasma is formed by modifying the inductive
AURL: http:/Aww.igi.cnr.it/ current drive to reduce the tearing instability, a technique
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FIG. 2. (Color online. Power spectra 0§¢ in standard(thin line) and
PPCD(thick line) plasmas.

fluctuation period only lasts-10 ms(9-19 ms in Fig. L
Note that this is longer than the typical sawtooth period in
standard plasmas.

The reduction in magnetic fluctuation during PPCD is
broadband, with high frequency components more strongly
suppressed. The shape of the magnetic fluctuation frequency
power spectrum therefore changes substantially, as shown in
Fig. 2. These ensemble-averaged Fourier power spectra are
formed by averaging 1 ms intervals betwae®-18 ms, i.e.,
called pulsed poloidal current driviPCD.***® The mag- during the current flattop for standard plasmas and the qui-
netic turbulence is decreased, which reduces the fluctuatiofescent periods for PPCD plasmas. The ensembles include
induced heat and particle transpbft. multiple intervals from~10 plas~ma3 of each type.

This paper focuses on the change in the statistical prop-  Three distinct regions in thB, power spectra are iden-
erties of broadband magnetic fluctuations when PPCD is apified. The first is a peak in the 10-30 kHz range, correspond-
plied. The magnetic fluctuatiors, are measured by an array ing to the toroidal rotation of the dominant poloidal mode
of four pickup coils which sense the toroidal componBpt  numberm=1 tearing modegonly rotating plasmas are ana-
of the magnetic field at the plasma boundary. The frequenclyzed herg. This peak is broad since there are several com-
bandwidth is 1.5 MHz. The data are from plasmas with curparably sized dominant modes of similar wavelength, and
rent=~0.5 MA and densityn,~1x 10'° m™3. The core elec- because the mode rotation speed varies during the sawtooth
tron temperature is=0.4 keV in standard plasmas and cycle. From 30 kHz to-200 kHz, the standard plasma spec-
~1 keV in PPCD plasmas. Reduced intermittency is alsdrum shows a power law decayf 1 with a;=1.8. A tran-
observed in 0.4 MA PPCD plasmas. Although the pickupsition to a steeper power law, with larges~ 3.8, occurs for
coils are located at the plasma surface, the power spectifa= 300 kHz, perhaps indicating dissipation plays an impor-
measured by probes inserted in the outer region of low curtant role at highest frequencies. These characteristic expo-

rent 0.2 MA plasmas are essentially identical to those meanents, as well as the normalized fluctuation amplit@d8,
sured by surface coils. This is likely to be the case at hlghe(,ary somewhat with plasma current and possibly other pa-
current as well. rameters. A systematic study has not yet been performed to

Standard MST plasmas exhibit !arge, Qistinct relax_ationdarify these dependencies. In particulgrB is predicted to
dynamo events, called sawteéthduring which substantial depend on the mean-fiel for homogeneous MHD

toroidal magnetic flux,®=[527rB4(r)dr, is generated, as turbulence-®
shown in Fig. 1a). The magnetic fluctuation amplitude in- The fluctuation power in PPCD plasmas, at the same

creases in time leading up to and especially during the sawsiasma current, is reduced in all three spectral regions, still
tooth crastFig. 1(b) showsB]. Smaller, less distinct bursts remaining above the noise threshold. The dominant tearing
also appear between sawteeth, as shown in the expandgsbdes are reducedthreefold but have roughly the same
time trace of Fig. Lc). frequency since the plasma rotation does not change much.
The situation in PPCD plasmas is completely different.However, the exponents of the power law decay at higher
PPCD is applied through a programmed ramp of the toroidajrequencies are quite different, with; ~2.8 anda,~5.9.
field to create poloidal induction in the outer region of the Two statistical analysis techniques are used to reveal possible
plasma.”™ The added induction replaces dynamo currentintermittent behavior in the magnetic field: analysis of the
generation in the standard reversed field pi®#FP), and  statistical distribution of the laminar timédefined as those
the tearing fluctuations are reduced. TBg fluctuation is  times elapsed between two bursts in the fluctuating sjgnal
less bursty and reduced in amplitude during PPCD, as showand of the probability distribution functiofPDF of the sig-
in Fig. 1(d). PPCD is inherently transient, so the reducednal differences. These techniques are often applied to fluctu-

FIG. 1. (a) Typical evolution of® for a standard plasm#b) B</> signal for
the same plasmac) Magnified view of B, in (b). (d) B, for a PPCD
plasma.
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FIG. 3. (Color onling. PDFs of signal differencesa) 7=0.3 us and(b) =
=171 us for standard plasmag;, d) samer’s, but for PPCD plasmas. The . o .
dots are the PDF data and the lines are stretched exponential fits. versusr is shown in Fig. 4a) (diamond symbobs where the

error bars represent the dispersion of thedistributions
when the fit is performed on the PDF of a single record of

. ) L ) . . the ensemble. Note thai<1 for small r and increases to
ating time series in astrophysical and geophysical settihgs, o, 1 for larger. This is the same behavior as observed for
and, more recently, to magnetized laboratory pla_s‘fﬁa'she_ the edge electrostatic turbulence measured in the reversed
two techniques allow a discrimination of self-similar and in- 414 experimen(RFX) (Ref. 9 and indicates that the PDFs
termittent features in the time series under study. of magnetic fluctuations are not self-similar in standard MST

In both standard and PPCD plasmas, the PDFs of lamis|asmas. The presence of tails in the PDFs at smiidi-

nar timesP(7,), calculated as in Ref. 17, are not exponential aes that larger differences occur more frequently at short
but more similar to power laws. This behavior is consistentjme scales. This is interpreted as a signature of

with previous observations for electrostatic fluctuations anqntermittency5 which is a nonlinear phenomenon related to
. 9 . . 7 )
transport in the RFP ed#”and in astrophysical plasmas. _particular phase relationships that couple different frequen-

This differs from the exponential decay typical of the classi-jeg of the power spectrum. Intermittency does not occur in
cal Bak-Tang-Wiesenfeld SOC modetut, as pointed OUt  |inaar stochastic processes with random inputs, whether
in Refs. 5 and 18, other SOC models exhibit power lawg g ssian or not, even if the power spectrianautocorrela-

19
decay forP(r). _ _ _ _ tion function) and PDF are identical to those for an intermit-
The PDF of the signal differences at various time scaleggpt process.

7 is defined in this case as the dis_tribution of the time series Therefore, a definitive test of the presence of intermit-

S/()=by(t) ~by(t+7), whereb,(t)=By/op is the standard- tency is obtained by applying the same analysis to surrogate
ized time series of nonintegratéﬁ,, (i.e., with unit variance time series constructed from the measu’é%j We use the

and zero mean The PDFs is obtained by binning ti8(t)  amplitude adjusted Fourier transfofrmethod based on a
time series; the number of bins is a trade-off between ministochastic linear model. For each record in the ensemble, a
mization of the statistical error and accuracy of the samplingurrogate is generated with the same autocorrelation time as
of the PDF functiorf’ In pure self-similar turbulence, the the original time series. The PDF of the differences at vari-
PDFs at all scales collapse to a common PDF, independent @ls scales is repeated, and stretched exponential fits likewise
7. This impliesdb,,,= ¥'8b, holds for a unique value di?l  applied. No change im with varying 7 is observed in the
Departures from self-similarity are highlighted by varying surrogate time serigstar symbols in Fig. @], i.e., no vio-
behavior of the PDFs at different scalesThe PDFs are lation of self-similarity appears in the surrogates. Hence the
estimated using the same data as for Fig. 2. The pickup-cofion-self-similarity observed in the measurNBg (diamond
signals were not analog integrated to maximize the high fresymbolg must be linked to intermittertnonlineay phenom-
quency resolution of magnetic fluctuations. ena.

The non-self-similar character of standard plasma mag-  The intermittency observed in the edge electrostatic tur-
netic turbulence is revealed in the PDFs of the signal differpulence of standard REP p|asmas has been correlated with
ences. Figures(d) and 3b) show two PDFs: one for short distinct relaxation eventsThe data windows used in the
time scaler=0.3 us and one for long time scale=170us.  analysis of standard plasmas described to this point in the
Obviously these have different shapes. To quantify the shap@aper include times when large sawtooth crésttaxation
the PDFs are fitted with stretched exponential functionsevents occur. Since the sawtooth cycle in MST is regular
F(sb)=Ke™®" (@ common procedure for this situatjon (although aperiodic the ensemble windowing can be per-
Self-similar behavior is characterized by the invariance offormed away from the large sawtooth crashes to test explic-
the exponentr with varying 7, and specifically the distribu- itly a possible connection between intermittency and large
tion is Gaussian itv=2. The two PDFs of Figs.(8) and 3b) relaxation events. When the above analysis is repeated, the
havea=0.7 anda=0.9, respectively. The general trendef violation of self-similarity remains, even during the rela-
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tively quiescent between-crash periods, as shown in Fiy. 4 between-crash data for standard plasrheken the relax-
of « versust. The surrogate analysis applied to between-ation process is relatively quiescershows the same evi-
crash data again shows that the non-self-similarity is condence for non-self-similarity and intermittency. Apparently
nected with nonlinearity in the turbulence. The origin of in- PPCD imparts a greater systemic change, likely related to the
termittency in the magnetic fluctuations is therefore notreduction in tearing instability which provides the dominant
constrained to instants when relaxation activity is largest, buturbulence driving force. Substantial changes in the fre-
apparently also to smaller relaxation bursts occurringgquency power spectra, toroidal correlation lengths and shape
throughout. Examples of such smaller bursts are shown inf the PDFs of signal differences, are other evidence of ma-
Fig. 1(c). jor changes. Future work should include revisiting the behav-

In stark contrast to the above, the magnetic turbulence ifor of electrostatic turbulence and transport in a comparison
PPCD plasmas is much more self-similar in nature. Figuresf standard and PPCD plasmas.
3(c) and 3d) show that the PDFs of signal differences are  Although the magnetic fluctuations studied in this paper
significantly different compared to standard ones, as the taildo not directly represent a transport flux, a tenfold reduction
are less important. Moreover they do not change shape sign magnetic fluctuation-induced transport that accompanies
nificantly asr increases: in fact the exponesmt=1.5-2.0 is PPCD(Ref. 14 suggests the magnetic turbulence character-
nearly independent of, as shown in Fig. @) (square sym- stics observed in the edge could be reflected in transport
bols). A robust feature of PPCD plasmas is the suppressiofiuxes. The level of transport achieved during PPCD is com-
of the large sawteeth, consistent with the PPCD goal to imparable to that of tokamak and stellarator plasﬁflam the
prove MHD stability and maintain the plasma current with- residual turbulence during PPCD might have greater similar-
out dynamo relaxation. The analysis of between-crash starnty to strongly magnetized toroidal plasmésghere it is ob-
dard plasma data described above implies the reduction igerved to be self-similar in natyréhan does standard RFP
intermittency during PPCD is more than a suppression of theurbulence.
largest relaxation events. Apparently a greater systemic
change occurs. ;A. N. Kolmogorv, Proc. R. Soc. London, Ser. A34, 9 (1995.
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