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A detailed study of the dynamics and magnetic topological effects of resistive-tearing modes is
presented for different operational regimes in the Madison Symmetric Torus reversed-field pinch [R.
N. Dexter et al., Fusion Technol. 19, 131 (1991)]. Soft-x-ray tomography and magnetic
measurements, along with numerical reconstruction of magnetic-field lines with the ORBIT code [R.
B. White and M. S. Chance, Phys. Fluids 27, 2455 (1984)], have been employed. Magnetic-mode
dynamics has been investigated in standard plasmas during the transition to the quasi-single helicity
state, in which a single mode dominates the mode spectrum. Single helical soft-x-ray structures are
studied with tomography in these cases. These structures are associated with magnetic islands,
indicating that helical flux surfaces appear in the plasma. Mode dynamics has also been examined
during auxiliary inductive current drive, the goal of which is to reduce the tearing-mode amplitudes.
In this case the phenomenology of the soft-x-ray structures appearing in the plasma is more
complex. In fact, when a quasi-single helicity spectrum occurs, a single island bigger than in the
standard case is usually found. On the other hand, when all modes decrease, two helical soft-x-ray
structures are observed, with the same helicity as the two innermost resonant modes. This
constitutes the first direct evidence of magnetic-chaos reduction during auxiliary inductive current
drive, which is responsible for the achievement of the best confinement in the reversed-field pinch

configuration up to now. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2160519]

I. INTRODUCTION

Magnetohydrodynamic (MHD) instabilities in the core
of magnetized fusion plasmas often play a significant role in
determining their performance and, in general, their dynami-
cal evolution."” For a given instability, its impact on the
plasma can be rather different: while moderate-sized saw-
tooth activity in the tokamak might be useful to avoid central
impurity accumulation and remove fusion ash, in certain
conditions sawteeth can produce seed islands, which trigger
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performance-limiting neoclassical tearing modes. In the
reversed-field pinch (RFP), resistive instabilities are needed
to produce the dynamo electric field, which helps to sustain
the conﬁguration.3_8 But, if they are too many and too
strong, they might spoil confinement. Many of the issues
concerning the dynamics of MHD resistive instabilities in
fusion plasmas are still unresolved. Therefore their accurate
diagnosis continues to be necessary. This paper deals with
the imaging of MHD resistive modes in the RFP configura-
tion and aims both at providing a complete overview of their
evolution in a variety of operational regimes and at contrib-
uting to the wide database of information on MHD instabili-
ties in fusion devices.

© 2006 American Institute of Physics
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FIG. 1. Typical safety factor profiles for standard and PPCD MST
discharges.

The RFP is a toroidal configuration for the magnetic
confinement of thermonuclear plalsmas.7’8 The RFP magnetic
field has poloidal and toroidal components, B, and B, re-
spectively, which are generated not only through external
coils, but also by electric currents flowing in the plasma,
which cannot be sustained by a uniform toroidal induction
electric field alone. The inductively driven electric field adds
to a dynamo electric field, which is the result of a magnetic
self-organization process resulting from the nonlinear inter-
action of resistive instabilities. Due to its relatively low
safety factor q(r)=rB4(r)/[RoB(r)], shown, for example, in
Fig. 1, the RFP exhibits a rich magnetic spectrum, with
modes resonant at several locations throughout the plasma.
The poloidal and toroidal mode numbers of the largest am-
plitude modes are m=0 with low n and m=1 with n
=2Ry/a, where R and a are the major and minor radii of the
torus, respectively. It is worth noting that ideal nonresonant
modes could also play an important role in the RFP dynamo
process, as has been shown by recent numerical studies.”’
Nevertheless, their effects seem not to be significant in the
experiments considered in this work, where most of the dy-
namo is driven by resonant resistive instabilities.

In its simplest theoretical form, the RFP dynamo is pro-
duced by an individual resistive instability resonant in the
plasma core, with poloidal mode number m=1 and toroidal
mode number ny=2R,/a, hence the name single-helicity
(SH) dynamo.lo_13 This m=1 instability produces a helical
perturbation of the magnetic field, which couples to a plasma
velocity field due to an electrostatic drift.'"* At the opposite
extreme is the multiple-helicity (MH) dynamo, where the
required electric field is produced by many nonlinearly inter-
acting m=1 resistive instabilities." The effect on plasma per-
formance of MH and SH spectra are very different. The MH
dynamo is turbulent in nature. The spectrum of m=0 and
m=1 modes in the plasma is very rich, and the overlap of the
magnetic islands associated with them causes a broad region
of stochastic magnetic field, with degraded particle and en-
ergy confinement. Magnetic-flux generation in MH states of-
ten happens in discrete and sudden dynamo events called
sawtooth crashes.'®!”

The SH dynamo, on the opposite, is laminar in nature
and preserves helical closed flux surfaces in the plasma core.
In the SH regime, confinement could be strongly improved
with respect to the standard MH state.'® Pure SH states have
not yet been observed in experiments. However, hints of a
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possible tendency of the plasma to relax toward them come
from the experimental quasi-SH (QSH) states, where the
spectrum of m=1 modes condenses spontaneously toward
one dominant mode with a well defined toroidal number.
QSH spectra have been observed in several RFP devices.'”
Unlike the theoretical predictions, however, a superposition
of secondary modes, i.e., modes with m=1 and n>n,, re-
mains. This does not allow the full performance of SH and
maintains a stochastic magnetic field over a part of the
plasma volume. Confinement in the QSH regime is improved
in fact only within the helical coherent structure produced by
the dominant mode.'*" Experimental work aimed at finding
the conditions which might facilitate the transition to pure
SH states is on-going.22

Lacking an experimental SH state, up to now the best
results in terms of magnetic chaos healing have been ob-
tained with the so-called pulsed poloidal current drive
(PPCD) technique,25 where a transient poloidal, or parallel,
electric field is inductively driven in the plasma. Record low
values of magnetic fluctuations and thermal transport have
been obtained with PPCD in several RFPs.”*~ The highest
electron temperature 7,=1300 eV and the longest energy
confinement time 75;=10 ms in the RFP have been both
achieved by means of this technique.Sl’32

The RFP therefore provides several operational scenarios
characterized by a very different structure of MHD instabili-
ties, both in terms of their spectrum and amplitude. In this
paper we present the results of a project aimed at imaging
MHD resistive instabilities and characterizing their experi-
mental properties in the RFP. This study relies heavily on a
high-resolution x-ray tomography system,33 which has been
installed on the Madison Symmetric Torus (MST) device.**
MST is a RFP with major radius Ry=1.5 m and minor radius
a=0.51 m, characterized by a first wall which acts as both a
close-fitting shell and toroidal field winding. The experi-
ments described in this paper are characterized by a plasma
current /,~400 kA and electron density n,~1x 10" m™.
A detailed analysis will be reported of single and multiple
magnetic islands associated with different types of mode
spectra, both in standard and PPCD operation, and their im-
pact on magnetic chaos.

The paper is organized as follows. In Sec. II the tomog-
raphy diagnostic system is described. In Sec. III the basic
evidence of the existence of single soft-x-ray (SXR) islands
is shown. In particular, the techniques used to detect, recon-
struct, and simulate them are described. The identification of
helical SXR structures with magnetic islands is also dis-
cussed. A statistical survey of the islands emerging during
the sawtooth cycle of standard discharges is reported in Sec.
IV, while the properties of islands during enhanced confine-
ment PPCD plasmas are described in Sec. V, where evidence
is given of the simultaneous emergence of multiple helical
flux surfaces. A thorough comparison of tomographic recon-
structions with Poincaré sections of the magnetic-field lines
obtained with the code ORBIT is reported in Sec. VI, to-
gether with a final discussion on the relation between the
emergence of helical SXR structures and magnetic-field to-

pology.
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Il. THE MST TOMOGRAPHY SYSTEM

A study of the properties of MHD instabilities and their
effects on the plasma requires knowledge of the perturbed
magnetic topology. Direct measurements of the magnetic
field by means of pickup coils are very useful, but generally
limited to the plasma boundary. Laser Faraday rotation in
MST provides line-integrated measurements of the equilib-
rium and fluctuating magnetic fields inside the plasma,35 but
a detailed characterization of internal magnetic fields would
require an impractically high number of independent obser-
vations. For high-resolution mapping of nonuniform struc-
tures in magnetic-flux surfaces, measurement of the SXR
emissivity spatial distributions is preferred.%f38 SXR tomog-
raphy provides information on the magnetic field under some
restrictive, but often verified, hypotheses. In fact, if the
plasma can be described in the MHD framework, magnetic-
flux surfaces are also surfaces of constant pressure. With
high parallel transport, it is usually reasonable to assume that
the electron density n, and temperature 7, are also constant
on the magnetic surfaces. The SXR emissivity is a strong
function of n, and T,. Hence, iso-emissive surfaces are typi-
cally representative of magnetic-flux surfaces.

Tomography is the key technique for the reconstruction
of the SXR emissivity. This is based on simultaneous mul-
tiple measurements of the SXR brightness f(p, @), which is
the emissivity function £(r, 6) integrated along a line of sight

L(p,®):

flp,p)= E(r,0)de, (1)
L(p,$)

where p is the perpendicular distance from the line of sight
to the center of the poloidal cross section and is called im-
pact parameter; ¢ is the angle that the normal to the line of
sight makes with the equatorial plane.

The measurements described in this paper have been
made with a new SXR tomography system developed for
MST.* SXR brightness is measured with two miniaturized
pinhole cameras, each housing a linear array of silicon pho-
todiodes. These act as radiation-to-current converters, with
the output current proportional to the energy of the photons
striking the detectors (3.6 eV is the value required to gener-
ate an electron-hole pair). Two fans of lines of sight, with a
total of 24 channels, emanate from two pinholes at the
plasma boundary. Beryllium foils of 16 um thickness are
placed on the pinholes and act as high-pass energy filters.
The finite thickness of the diodes acts as a low-pass energy
filter, so that the energy of the measured radiation ranges as
a whole between about 1 and 7 keV. Curved beryllium foils
are used, so that all the lines of sight view the plasma
through the same foil thickness.

The probes are inserted through two 3.81-cm-diameter
portholes located at the same toroidal position. In Fig. 2 a
poloidal cross section of MST with the layout of the tomog-
raphy lines of sight is shown. The SXR1 camera is located at
75° poloidal and mounted in a manipulator, which enables
one to insert, extract, or rotate the diagnostic, and decouple it
from the MST vacuum by means of a gate valve. The SXR2
camera is in a fixed position at 165° poloidal, without a gate
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FIG. 2. (Color online). Chord geometry of the MST tomography. The two
cameras are called SXR1 (black lines) and SXR2 (red lines). The detectors
gather SXR radiation from 3D cones, whose axes are represented by the
lines of sight in the figure.

valve. Signals are processed using both commercial and
custom-made transimpedance linear amplifiers, with band-
width ranging between 10 kHz for small signal levels typical
of edge lines of sight and a few hundred kilohertz for higher
signal levels, which are usually measured by lines of sight
viewing the plasma core.

The relation between the current generated by the detec-
tors and the SXR brightness is obtained by taking into ac-
count the finite diode and pinhole dimensions, which define a
three-dimensional (3D) cone of sight. The photodiodes col-
lect the SXR radiation emitted from the plasma volume in-
side each cone. In the poloidal cross section, the cones of
sight of adjacent chords overlap by 50% and their axes are,
by definition, the lines of sight, or chords, represented in Fig.
2. Assuming that the emissivity function has small variations
in the direction orthogonal to the chords, the effect of the
finite dimensions of the cones can be merged into a geo-
metrical factor which is different for each line of sight and
depends on the system detection geometry. Brightness pro-
files are therefore obtained from experimental data by divid-
ing each current signal by the geometrical factor:

Aqlph
fo= i d2c0s4 12 ()

where a, is the detector area, ap, the pinhole area, d the
distance between the detector and pinhole planes, and 7 the
angle between the line of sight and the direction perpendicu-
lar to the detector plane.

In order to follow the rapid variations of SXR emissivity
that may occur during a single shot, the diagnostic has been
designed with a wide dynamic range. To illustrate these ca-
pabilities, in Fig. 3 the waveforms of plasma current /,,, elec-
tron density n,, and surface electric field parallel to the equi-
librium magnetic field Ej(a)=E-B/B are shown along with
the SXR brightness measured by a central chord for a typical
PPCD shot. The period in which PPCD is applied is high-
lighted with a gray band, and the Ej pulses associated with it
are clearly seen. SXR emissivity strongly increases during
PPCD, mainly reflecting an increase in electron temperature.
Not only the central chords, but the whole radial brightness
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profile is observed to increase during PPCD, as shown in
Fig. 3(e) for three time instants during PPCD. Low-pass-
filtered (f<< 3kHz) brightness profiles appear rather symmet-
ric about the magnetic axis. A weak outward displacement is
observed in the profiles measured by the SXR1 camera,
which is located at a poloidal angle of 75°, and is thus sen-
sitive to the Shafranov shift of the magnetic surfaces. In
MST the magnetic axis is shifted outward of about 6 cm,
while the last closed flux surface is shifted by a smaller
amount, 1-2 cm, due to the close proximity of the plasma to
the thick, close-fitting aluminum shell.

Measurements of the equilibrium magnetic field and its
fluctuations (poloidal and toroidal components) have been
made with a toroidal array of 32 magnetic coils located at the
plasma boundary. This allows the detection of magnetic
modes with toroidal mode number up to |n|=15.
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FIG. 3. Waveforms of the main plasma parameters for a PPCD discharge:
(a) plasma current, (b) core electron density, (c) parallel electric field, and
(d) core SXR brightness. The gray band highlights the period in which
PPCD is applied. (e) Radial profiles of the SXR brightness at three times
during PPCD.
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lll. THE IMAGING OF AN INDIVIDUAL HELICAL
STRUCTURE

Tomographic reconstructions and mode rotation can be
synergistically exploited to measure the detailed topological
features of helical structures with a level of detail higher than
in previous studies.”®” This has been done by analyzing
both tomograms of SXR emissivity and spatiotemporal fluc-
tuation patterns of the brightness signals. A description of
both approaches is given in the following sections.

A. Tomographic reconstructions of SXR emissivity

In the following we briefly review the Cormack
method®®*** for tomographic reconstructions used in the
present work. The Cormack approach solves Eq. (1) by using
a Bessel-Fourier series expansion of the SXR brightness and
emissivity functions. Due to the fact that helical structures
are expected to be present in the plasmas studied here, the
measured emissivity functions are usually more localized in
Fourier space than in physical space, and this makes the
Cormack technique preferable to others, such as the
maximum-entropy-constrained finite-element algorithm or
other hybrid methods.*®

In the Cormack approach, the brightness and emissivity
functions are expanded in a truncated Fourier series due to
the finite number of measurements:

M

f(p.#) = 2 [f;(p)cos(mep) + f3,(p)sin(mp)], (3)
m=0

E(r,0) = E L&, (r)cos(mb) + E, (r)sin(mb)]. (4)
m=0

Cormack proved that the following equation gives the inte-
gral relation between the Fourier components of (3) and (4):

T,(p/rp d
£5(r) ff‘ (r) prp 24 )
7Tdr p\p —l"

where T,,(p/r) are the Tchebychev polynomials. As the to-
mographic problem is mathematically ill posed, the direct
solution of (5) is not of practical use, because experimental
noise can give rise to nonphysical spatial oscillations. There-
fore, the Fourier components are usually radially expanded
over a truncated set of Bessel functions,42 which are zero at
the edge and do not require a regularization step as with the
Zernicke polynomials. The integral relation (5) finally be-
comes a matrix equation:

f=W-.&, (6)

where the unknowns are the components of the so-called
emissivity vector &.

The arrangement of the lines of sight in the present work
is such that poloidal harmonics up to m=2 can be resolved.
As far as the radial dependence is concerned, the spacing and
the number of lines of sight allow the first six terms of the
expansion in the basis of Bessel functions to be determined.
Depending on the particular profile being analyzed, these
numbers may slightly change: they are typically optimized to
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FIG. 4. (Color online). (a) and (b) SXR brightness profiles (full circles) with
evidence of a radially localized structure. The data correspond to the same
shot as in Fig. 3 at t=15.47 ms. The solid line represents the SXR brightness
as computed from the inverted 2D emissivity map reported in (c), which
shows the presence of a SXR island in the plasma core.

obtain smooth reconstructions. See Ref. 38 for details on the
optimization of tomographic reconstruction and regulariza-
tion techniques. Moreover, to increase the spatial resolution
of the tomographic inversions, these are performed in the
reference frame centered on the Shafranov-shifted magnetic
axis.

An example of tomographic reconstruction during a
PPCD discharge with a QSH spectrum is shown in Fig. 4
(this is the same discharge as in Fig. 3 and in Figs. 5-9). The
brightness profiles used as inputs to the inversion algorithm
are shown in Figs. 4(a) and 4(b) with full circles. The con-
tinuous line in these figures represents the brightness profiles
computed from the inverted emissivity map. The matching
between experimental and inverted data is very good. The
reconstructed SXR emissivity map reported in Fig. 4(c) has a
bean-shaped, highly emissive structure on top of a symmetric
profile. A comparison with magnetic data shows that this
structure is associated with the (1, 6) magnetic mode, which
dominates the spectrum during QSH, as will be better shown
in Fig. 5. The maximum SXR emissivity in the island is
approximately 20% higher than the background emissivity. A
detailed analysis of SXR coherent structures and their rela-
tion to magnetic measurements will be described in the next
two sections by analyzing the spatiotemporal patterns of the
brightness fluctuation signals.

B. Spatiotemporal SXR fluctuation patterns

The magnetic and SXR waveforms for the QSH PPCD
discharge introduced in the previous section is shown in Fig.
5. The time evolution of the m=1, n=6-9 magnetic-mode
amplitudes is reported in Fig. 5(a), where it is evident that
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FIG. 5. (Color online). (a) Time evolution of the m=1, n=6 (red), n=7
(green), n=38 (blue), and n=9 (black) mode amplitudes for the same PPCD
shot as in the previous figures. A transition to a QSH spectrum is observed
to occur during PPCD. (b) Poloidal rotation frequency of the (1, 6) and (1,
7) modes. (c) Contour plot of the SXR brightness profiles measured by the
SXR1 camera, which shows the presence of a rotating coherent structure in
the plasma core. The horizontal dashed lines correspond to the lines of sight
for which SXR signals are shown in (d).

the (1, 6) mode dominates over the others for a significant
fraction of the discharge, and in particular, in the period
when PPCD is applied, from 10 to 20 ms.

Regular oscillations are present in the brightness signals
during QSH, with a frequency well correlated with the po-
loidal rotation frequency of the dominant (1, 6) magnetic
mode, whose time evolution is shown in Fig. 5(b). The con-
tour in Fig. 5(c) shows the time evolution of the brightness
profile measured by the SXR1 camera. The maximum of the
brightness profile oscillates around the magnetic axis of the
plasma. This same oscillation is also evident in Fig. 5(d), in
the brightness fluctuation signals corresponding to the chords
from A to D, which are indicated with horizontal dashed
lines in Fig. 5(c). The observed out-of-phase oscillation is
produced by the rotation of an m=1 structure viewed by
off-axis chords symmetric with respect to the center of the
plasma column, for example, by chords A and D.

The fluctuation pattern becomes more complex when
brightness signals measured by lines of sight passing near the
magnetic axis are considered, as in chords B and C. A higher
frequency component appears in these signals, which corre-
sponds to the first harmonic of the (1, 6) mode poloidal ro-
tation frequency. This is clearly visible on the signal mea-
sured by chord B and reported in Fig. 5(d). The appearance
of this first harmonic will be explained below by means of a
model of SXR emissivity. A similar frequency-doubling ef-
fect has been observed in many cases in tokamaks®™** and
also in previous RFP measurements.”’ In these cases the in-
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terpretation of the frequency-doubling effect is analogous to
that given here, being related to the rotation of a poloidally
localized structure.

These same features can be found by analyzing the har-
monic content of the SXR signals through the computation
of wavelet spectra\.45 The wavelet spectra of the signals from
chords B and D are shown in Fig. 6 and show two peaks at
two distinct frequencies. In particular, the spectrum of the
signal from the off-axis chord D shows a clear peak at the
rotation frequency of the dominant (1, 6) mode and a weaker
peak at its first harmonic. The spectrum of the signal from
the central chord B in Fig. 6(b) instead displays a stronger
peak at the first harmonic. A third peak corresponding to the
second harmonic occasionally appears above the noise level.
These frequencies decrease in time due to the mode breaking
caused by the eddy currents induced in the conducting shell
by the (1, 6) mode.*®

We show in the following that the fluctuation pattern
described above is consistent with the presence of a radially
and poloidally localized, helical SXR structure rotating in the
laboratory frame. This has been verified with an emissivity
model, which is illustrated in the following. SXR measure-
ments are simulated by assuming that they are produced by a
localized hot region added to an equilibrium emissivity pro-
file and rotating at a constant angular velocity in flux surface
coordinates. Toroidal effects are considered by assuming an
outward differential shift of the equilibrium magnetic sur-
faces. In addition, the model also takes into account the he-
lical displacement of the flux surfaces due to the dominant
magnetic perturbation, as observed in RFX.*® The model
SXR emissivity of the island is given by the following for-
mula:

g(p, 0, t) = goe_[p - P*]z/lrie—[g _ .g*(t)]2/(’%
+E&1(p)cos[6— 6°(1)]. -

Here p is the flux surface radius, 6 is the poloidal angle about

External chord (D)

frequency (kHz)

#1020706062

Central chord (B)

frequency (kHz)

10 1 12 13 14 15 16 17
time (ms)

FIG. 6. (Color online). Wavelet spectra of the SXR brightness signals mea-
sured by (a) chord D and (b) chord C, as defined in Fig. 5. The dashed lines
represent the poloidal rotation frequency of the dominant (1, 6) magnetic
mode and its first harmonic.
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the shifted magnetic axis, and p“ and " are the radial and
poloidal positions of the island, respectively. The equilibrium
magnetic surfaces are assumed to have a circular cross sec-
tion, with a differential displacement A(p)=A,(1-(p/a)?)
+A,, where Ag=6 cm and A,=2.5 cm. The first term in (7)
describes the radial and poloidal shapes of the hotter region,
which has been modeled with Gaussian functions of radial
and poloidal widths o, and o, respectively. The second term
includes the displacement of the plasma column due to a m
=1 helical magnetic perturbation. This occurs in the outer
plasma region, i.e., for p>p=p"+20,. The radial profile of
&,(p) is given by
A(pla)(1 - if p>p
i) ={ =i, o= p )
0, if p<p.

As the hot region rotates, the poloidal angle #" varies linearly
with time, 6°(f)=60,+2mf "1, where ﬂl’6)=(R0/6)v$’6) is
the poloidal rotation frequency and 19 i the toroidal ve-
locity of the (1, 6) mode. The amplitudes &, and &, radial
position p*, and widths o, and o, of the Gaussian functions
have been adjusted to match the experimental data. For the
case shown in Figs. 5 and 6, a good agreement is obtained by
assuming o,~0.37 and allowing the radial width to slightly
vary with the poloidal angle 6°(r) as follows: op(t)=a'2
—-0.4 cos[6°(1)], where 02:7.5 cm. This implies that, in the
polar coordinates (r, 6), the difference in the size of the hot
structure between the low-field side and the high-field side of
the torus is bigger than the flux surface compression due to
the differential shift.

In Fig. 7(a) a schematic of the model SXR island rotat-
ing in the poloidal cross section and the lines of sight previ-
ously shown in Fig. 5 are reported. The blue region in Fig.
7(a) represents the 90% contour level of the island emissivity
at the time (1). The green circle represents the trajectory of
the center of the rotating structure. The experimental bright-
ness signals are displayed with black lines in Fig. 7(b) and
the corresponding simulated signals are represented by red
lines. The numbers in Fig. 7(b) highlight the peaks of the
oscillation and correspond to the different positions, relative
to the lines of sight, assumed by the structure during one
poloidal turn.

In the framework of this model, the presence of the first
harmonic in signals measured by central chords is explained
as follows. Chords with impact parameter p>p" display a
single peak, as the structure crosses the chord only once in a
rotation period, e.g., position (1) for chord D and position (4)
for chord A. Chords with p<<p" are characterized by two
peaks per period, as the region crosses them twice per rota-
tion, e.g., positions (2) and (6) for chord C and positions (3)
and (5) for chord B. The double-peak pattern, i.e., the higher
harmonics in the central chords, is a necessary feature to
account for the presence of a poloidally localized rotating
structure, which has harmonic components with m>1. In
fact, when a sinusoidal poloidal dependence is assumed for
the hot region, i.e., if the structure has a m=1 component
only, no signs of a double peak appear in the simulations.
Several features of the SXR emissivity can be extracted di-
rectly from the fluctuating time series without performing a
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FIG. 7. (Color online). (a) Schematic of the SXR island used to model the
experimental signals, as described in the text. The blue region corresponds
to the 90% contour level of the model emissivity map. The chords from A to
D are the same as in Fig. 5 and the diamond represents the magnetic axis.
(b) Experimental (thick black line) and modeled (thin red line) high-pass-
filtered SXR signals measured by the chords shown in (a). The numbers
refer to the position of the SXR structure indicated in (a).

complete, but computing-time intensive, model fit. This fea-
ture will be extensively used in the next sections to detect the
presence of helical structures directly from brightness sig-
nals.

It has been shown in Fig. 5 that SXR fluctuations mea-
sured by symmetric, off-axis chords have a phase delay close
to 7 due to the rotation of the island structure. The exact
value of this phase delay is due to the geometry of the lines
of sight. In general, the phase delay between signals mea-
sured by two different chords A and B is A¢p= ¢, — b, where
¢, and ¢p are the chord impact angles. For two lines of sight
parallel and opposite with respect to the rotation center, the
phase delay would be A¢=r. In the case of a fan geometry,
the phase delay is smaller and varies as a function of the
impact parameter. For example, the radial profile of the
phase delay with respect to chord A for the signals measured
by the SXR1 probe is reported in Fig. 8. In particular, the
phase delay between chords A and D is about 0.8, as indi-
cated with horizontal dotted lines. The solid line in the figure
represents the phase delay computed from the modeled
brightness signals, and a good agreement is found with the
experimental data.

The instantaneous phase of an oscillation has been esti-
mated with the Hilbert transform technique. It is assumed
that each brightness signal f(¢) is given by the product of an
instantaneous amplitude, also called envelope, A(f) and the
cosine of a phase function «(z). The functions A(r) and a(r)
can be computed through the Hilbert transform.*” The advan-
tage of the Hilbert transform with respect to standard coher-
ence analysis is that, provided that a single oscillation is
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FIG. 8. Radial profile of the phase delay among signals measured by dif-
ferent chords at the dominant mode rotation frequency (stars). The phase
delay is computed with the Hilbert analysis and is referred to chord A. The
solid line represents the same phase delay calculated for the emissivity
model described in the text.

present in the signal, its frequency and phase are determined
more precisely even if they are slowly varying in time. The
phase delay is finally obtained by time-averaging the differ-
ence of the phase functions of the brightness signals. The
phase function is also a reliable indicator of the poloidal
position of the magnetic island, 6" (¢)=a(t) + ¢,, where ¢, is
the impact parameter of the line of sight.

The analysis of fluctuating SXR signals allows us to
identify a rotating helical structure. If off-axis chords sym-
metric about the magnetic axis are characterized by a phase
delay given by the difference of their impact parameters, and
central chords display fluctuations at twice the dominant
mode rotation frequency, then it can be concluded that a
poloidally localized SXR structure rotates in the plasma core.
These criteria can be applied automatically to large amounts
of data. In fact, they will be used in the rest of the paper to
identify the presence of SXR structures in large ensembles of
discharges without performing mode complete, but also
much more time consuming, tomographic reconstructions.

C. Identification of SXR structures with magnetic
islands

Consistently with observations performed in the RFX
experiment,w’22 the SXR structures detected in MST corre-
spond to magnetic islands. In MST, due to magnetic-mode
rotation, the identification of these structures can be per-
formed on a single shot basis using fluctuation analysis. In
fact, SXR islands are observed to rotate at the same fre-
quency as the dominant magnetic modes. It has also been
verified in several cases that the position of the highly emis-
sive region corresponds to the magnetic island O point. It is
shown in Fig. 9 that the position of the SXR structure 6°(7),
estimated with the Hilbert technique, corresponds to the po-
loidal position of the magnetic island O point, as derived
from magnetic measurements. The toroidal array of pickup
coils allows the determination of the amplitude and phase
¢,(t) of the poloidal component of the perturbed field. The
poloidal position of the magnetic island O point 6™*¢(z) cor-

responds to the position of maximum 50 field taken at the
same toroidal angle and is given by ¢, (1) +m@™*&+npome,
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FIG. 9. Time evolution of the island poloidal position as computed from
SXR fluctuation analysis (circles), compared with the poloidal position of
the magnetic island O point as derived from magnetic measurements (line).

where 6M%=241° is the poloidal location of the toroidal ar-
ray of pickup coils and ¢'*™°=300° is the toroidal location of
the tomographic diagnostic.

As has already been pointed out, the SXR structure may
theoretically be associated with the presence of a magnetic
island. In fact, such an island may exist even if the amplitude
of the secondary modes is not negligible.48 To this end, a
comparison has been performed between emissivity maps
and Poincaré plots of the magnetic field as reconstructed by
the Hamiltonian guiding-center code ORBIT (Refs. 18, 49,
and 50) adapted to the RFP configuration.

The main characteristics of the model used to reconstruct
the internal field topology are briefly recalled here. Experi-
mental magnetic equilibria and perturbations are fed into the
ORBIT code to reconstruct field maps or Poincaré plots.
Equilibria are derived with the a—0, model,® keeping the
experimental values of the so-called reversal and pinch
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parameters, F=B y(a)/(By) and ®=By(a)/(B ), respectively,
as boundary conditions (here (B,) is the toroidal magnetic
field averaged over the poloidal cross section). The radial
profile of the perturbations is obtained by solving the New-
comb equation51 in the zero-pressure approximation, for the
specific equilibrium and for each (m,n) mode, with the ex-
perimental mode spectrum at the wall as a boundary condi-
tion.

Two examples of a comparison between tomographic re-
constructions and Poincaré plots of the magnetic field are
shown in Fig. 10. These are taken from standard MST dis-
charges at /,=~400 kA and correspond to different m=1
mode spectra. The bean-shaped structures appearing in Figs.
10(a) and 10(c) are characterized by different helicities, con-
sistent with magnetic fluctuation analysis. In the first case the
SXR structure rotates synchronously with the (1, 6) mode
and the plasma is in a QSH state, while in the second case it
corresponds to the (1, 5) mode during a MH state. The radial
positions of the SXR structures and those of the correspond-
ing magnetic island closely match. In particular, the radial
position of the (1, 5) structure is more internal than the (1, 6)
structure, as can be more precisely observed in Fig. 11. This
depends on the shape of the g profile for which the (1, 5)
resonance is more internal than the (1, 6), as will be better
shown in the next section in Fig. 14.

It can thus be concluded that helical SXR structures
closely correspond to magnetic islands. Having described the
basic tools employed to identify thermal and magnetic is-
lands, we now proceed to a systematic survey of different

experimental regimes in MST to study the relation between
resistive mode dynamics and the occurrence of magnetic is-
lands.

Z (m)
Z (m)

FIG. 10. (Color online). (a) Tomogra-
phic reconstruction of the SXR emis-
sivity and (b) Poincaré plot of the
magnetic-field lines from the ORBIT

R (m) R (m)

code for a (1, 6) island during a QSH
state in a standard shot (No.
1020709059). (c) and (d) The same

plots for a (1, 5) island during a MH
state in a standard shot (No.
1020716054). The red points in the
Poincaré plots indicate conserved flux
surfaces.
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FIG. 11. (Color online). Radial profiles of the SXR emissivity for the two
tomographic reconstructions of Fig. 10. The two radial profiles correspond
to islands at the same poloidal position.

IV. IMAGING THE SAWTOOTH CYCLE OF STANDARD
PLASMAS

As introduced in Sec. I, the standard RFP configuration
is maintained in part via a self-organization process, which
relies on the spontaneous excitation of m=0, 1 resistive
modes. In MST a strong, turbulent dynamo activity mainly
concentrates on discrete quasiperiodic events called saw-
teeth. In Fig. 12 the time evolution of the m=1, n=5-12
mode amplitudes and that of the core brightness is shown
during a sawtooth cycle. In this example the amplitudes of
modes with n# 6 grow rapidly at the sawtooth crash when
the toroidal flux is also regenerated. A crash in the SXR
signal occurs simultaneously as a consequence of the high
level of magnetic stochasticity produced by the overlapping
of islands associated with the broad spectrum of modes.

In this section, the dynamics of magnetic modes during
the sawtooth cycle will be studied. It will be shown that the
emergence of hot helical structures and the corresponding
conserved flux surfaces is not a unique feature of QSH re-
gimes. In fact, we will see that under particular conditions
SXR helical structures appear also in the MH regime.

A group of about 100 similar discharges has been in-
cluded in the present analysis, for a total of 399 sawtooth
events. All these shots are characterized by a plasma current

o
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FIG. 12. (Color online). (a) Time evolution of the m=1, n=5-12 mode
amplitudes and (b) of the core SXR brightness across a sawtooth crash in a
standard shot. The (1, 5) and (I, 6) mode amplitudes are represented with
thick black and red lines, respectively. The time r=0 ms corresponds to the
sawtooth crash and the time intervals indicated with 1 and 2 are those used
to build the precrash and postcrash ensembles described in the text.
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FIG. 13. (Color online). Histograms of N values for (a) the precrash and (b)
postcrash ensembles. The black lines represent histograms of all events
(399). The histogram of rotating events are represented by red lines: in 260
events the modes rotate before a sawtooth crash, while they are wall-locked
in only 137 events after a crash. The histograms of wall-locked events are
represented by blue lines. Before a crash, 33% of the events have a QSH
spectrum, and in particular, 42% of the rotating events and 15% of the
wall-locked ones. After a crash, only 1.5% of all the events have a QSH
spectrum.

1,=400 KA, electron density n,=1X 10" m~3, and reversal
parameter F'=-0.2. Two databases have been built: the first
one includes the time periods just before a sawtooth crash
(interval 1 in Fig. 12, from —1.5 to —0.5 ms, taking the crash
time as r=0), while the second one includes the time periods
which follow a crash (interval 2 in Fig. 12, from 0.5 to 1.5
ms). In these periods the equilibrium is nearly stationary and
the plasma can either exist in a QSH or MH state.

Mode dynamics in QSH and MH states between saw-
tooth crashes is rather reproducible: the (1, 6) dominant
mode amplitude steadily increases in QSH, while all the
modes have rather stationary amplitudes in MH. To define
quantitatively a QSH or a MH state, the spectral spread num-
ber Ng=[Z,(W,/=,,W,)* " is wused, where W,
=l;(01 ’")2/ 210 is the magnetic energy of the (1, n) mode.”” For
low values of Ny, the energy is concentrated in the dominant
modes: in the theoretical SH case the index value is exactly
1, while in the MH case it is of the order of the number of
modes in the spectrum. Previous analyses have shown that a
threshold value Ng<<2 is suitable to identify a QSH
spectrum.22 The MH spectrum is defined as that with Ng
>2.

The statistical analysis of the distributions of the Ng
spectral index for the precrash and postcrash ensembles are
shown in Figs. 13(a) and 13(b), respectively (black line).
While almost all the events in the postcrash ensemble have a
MH magnetic spectrum, as shown also for a single shot in
Fig. 12, a significant fraction of precrash events is character-
ized by a QSH spectrum. It is interesting to note that the
probability of obtaining a QSH spectrum is also associated
with the mode rotation velocity. To this end, the Ny distribu-
tions of periods with rotating (red line) and wall-locked (blue
line) modes have been separated. During the precrash inter-
val, plasmas with rotating modes have a higher probability of
having a QSH spectrum, Pgogy=42%, than plasmas with
wall-locked modes for which Pqgy==15%. This is consistent
with theoretical models and experimental observations that
MH plasmas are more likely to develop a rapid mode
breaking.53’54 Based on this evidence only, a causal statement
cannot be performed, i.e., we cannot state whether mode ro-
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FIG. 14. (Color online). Safety factor profiles averaged over (a) the precrash
and (b) postcrash ensembles. The dashed lines indicate the position of the
resonant radii of the (1, n) modes.

tation affects QSH occurrence or if this somehow favors ro-
tation. The situation is rather different for the postcrash in-
terval: QSH is rarely observed soon after a sawtooth crash.
Moreover, while the (1, 5) mode is never dominant before
the sawtooth crash, and the (1, 6) mode is dominant in 90%
of the events, after the crash the (1, 5) mode has the highest
amplitude in 50% of the events. This phenomenology is con-
sistent with the increase of the on-axis safety factor ¢(0)
following the sawtooth crash, as has been shown in Fig. 14
using the a—6,, equilibrium model. After the crash, in fact,
the g=1/5 resonant surface appears in the plasma, while
before the crash the (1, 5) mode should not be resonant.
The detection of SXR helical structures for all the events
in the precrash and postcrash ensembles is based on the tech-
nique described in Sec. III. As explained before, a poloidally
localized SXR island can be detected by the simultaneous
presence of two indications: (i) a 0.87 phase shift between
two opposite lines of sight and (ii) a significant amplitude of
the first harmonic of the mode rotation frequency in the
brightness signal measured by central lines of sight. Both of
these quantities have been time-averaged in 1-ms-long peri-
ods in the precrash and postcrash ensembles. Only events
with sufficiently high emissivity, £>2 W/m?, and with ro-
tating modes have been selected for this analysis. Figure 15
reports the amplitude of the first harmonic as a function of
the phase shift for the precrash and postcrash ensembles.
QSH and MH periods, as defined by the Ny value, are sepa-
rated. In the precrash ensemble, it is possible to distinguish
two different regions, as shown in Fig. 15(a). The first one is
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FIG. 15. (Color online). Distribution of the first harmonic amplitude for an
on-axis line of sight as a function of the phase shift A¢ between two sym-
metric off-axis lines of sight at the dominant mode rotation frequency. The
blue diamonds represent MH events and red open diamonds represent QSH
events. (a) and (b) report, respectively, precrash and postcrash events. Only
events with a SXR brightness greater than 2 W/m? and with mode rotation
are included.
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composed of MH periods (blue diamonds) and is a horizontal
strip with low first-harmonic amplitude but increasing phase
shift. This implies that a m=1 oscillation of the plasma col-
umn is sometime detected, but a poloidally localized helical
structure is never present.

The second region is composed of QSH periods (red
diamonds) and is a vertical strip with a phase shift of about
0.87r and a significant first-harmonic amplitude. Considering
the events with A¢=0.87 and with a significant first-
harmonic amplitude, or in other terms those which have a
poloidally localized island, it is observed that 84% of them
have a QSH spectrum. This is fully consistent with the pic-
ture of a thermal structure associated with helical flux sur-
faces accompanying a dominant mode in the magnetic spec-
trum. The fact that A ¢ assumes values in the range from 0 to
0.87, even during QSH when a helical structure is expected,
is probably due to electromagnetic noise, which can be im-
portant if the signals are low.

The same analysis is reported in Fig. 15(b) for the post-
crash ensemble. This reveals that in MST the picture is ac-
tually more complex than initially expected: an individual
island can be present not only during QSH, but also with a
MH spectrum. In fact, in the postcrash ensemble all the
events correspond to a MH spectrum. The number of events
is lower than for the precrash case, because of the require-
ment for a sufficiently high SXR emissivity, which is usually
rather low soon after a crash. Even if all the m=1 modes
have similar amplitude during these events, nearly 50% of
them have a SXR structure and the brightness fluctuations
are coherent with that of the (1, 5) magnetic mode.

This phenomenology can be explained considering the
time evolution of the magnetic equilibrium and the mode
amplitudes across a sawtooth cycle. The magnetic island
generated by the (1, 5) mode is rather distant from the other
resonant surfaces, as can be noted from the resonant radius
of this mode in Fig. 14, and the mode amplitudes are rela-
tively low. As a result, the overlap with other magnetic is-
lands is reduced and helical (1, 5) magnetic surfaces emerge
in the core. This explanation is also confirmed by the com-
parison between the inverted emissivity map and the
magnetic-field topology computed by the ORBIT code, as
was shown above in Figs. 10(b) and 10(d).

A statistical analysis of the brightness fluctuation pat-
terns shows that the radial location of the (1, 5) islands is
more internal than for the (1, 6) case. This confirms statisti-
cally what was shown above in the tomographic reconstruc-
tion of Fig. 10. Ensemble-averaged radial profiles of the
SXR fluctuation amplitude, in a narrow frequency range
around the rotation frequency of the dominant mode and of
its first harmonic, are reported in Figs. 16(a) and 16(b), re-
spectively. The average has been performed only over events
for which a SXR structure is present, i.e., (1, 6) in the pre-
crash period and (1, 5) in the postcrash period. The fluctua-
tion amplitude profile of the dominant frequency shows two
peaks, both for the precrash and postcrash cases. These cor-
respond to the radii where the rotating islands are positioned.
They are located in fact around the rational surfaces of the
(1, 5) and (1, 6) modes, respectively, as reconstructed with
the a—0, equilibrium model. The radial profiles of the first-
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FIG. 16. (Color online). Average profiles of the SXR fluctuation amplitude
at the dominant mode rotation frequency (red dashed line) and at its first
harmonic (blue line) in (a) the precrash and (b) postcrash ensembles.

harmonic amplitude are peaked instead in the central region
of the plasma. As previously explained, this is due to the fact
that the SXR islands have not pure m=1 structure, but are
poloidally localized.

V. IMAGING PULSED POLOIDAL CURRENT DRIVE
PLASMAS

The appearance of helical SXR structures associated
with magnetic islands has also been investigated during
pulsed poloidal current drive (PPCD) experiments. Even for
these cases it will be shown that the phenomenology of is-
lands is far richer than previously observed. PPCD has been
pioneered in MST as a mechanism to reduce the intrinsic,
high level of magnetic fluctuations in the standard RFP* As
said in Sec. I, the final effect is an overall improvement of
the confinement, with an increase of the core electron tem-
perature by a factor of 2-37 Although the initial perturba-
tion is applied at the plasma edge, the PPCD effect is global
and takes place on the time scale typical of the MHD
activity.‘”’55 In fact, when the Ej pulses are applied, the
magnetic-mode amplitude rapidly decreases. This implies
that the change of the fields at the edge rapidly affects the
mode eigenfunctions over the entire plasma radius.

The survival of a single m=1, ny mode to produce a
QSH spectrum with very low amplitude secondary modes is
a distinctive feature of a significant fraction of PPCD dis-
charges in MST.?' An example was shown above in Figs.
3-9. In this case, the reduction of the secondary modes is
contemporary to the growth of the (1, 6) dominant mode. A
similar behavior has been found previously also in the RFX
experiment.56 Both MH and QSH spectra are actually ob-
served during PPCD. Two such examples are reported in Fig.
17.

The dynamics of magnetic modes during PPCD deter-
mines the appearance of one or two structures in the SXR
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FIG. 17. Examples of toroidal-mode number spectra of m=1 modes for (a)
a QSH and (b) a MH PPCD discharge.
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FIG. 18. (Color online). (a) SXR emissivity map reconstructed during the
QSH PPCD discharge presented in Figs. 3-9. (b) ORBIT reconstruction of
the magnetic-field lines at the same time instant.

tomogram, which are associated with QSH and MH spectra,
respectively. The comparison of emissivity maps with OR-
BIT reconstructions allows us to state that both cases are
signatures of a strong magnetic turbulence reduction.”’ In
fact, a fundamental ingredient of successful PPCD operation
is the strong decrease of the secondary, n # ny, modes, which
results in a reduction of the overall magnetic stochasticity in
the core. This is also confirmed by recent measurements of
energetic electrons during PPCD.”’

A. Imaging of the QSH PPCD: The emergence of
single helical flux surfaces

When an individual m=1 mode dominates the mode
spectrum during PPCD, a single, bean-shaped structure ap-
pears in the plasma core and rotates at the poloidal frequency
19 of the dominant (1, 6) mode, similarly to what happens
in standard QSH plasmas. The phenomenology of brightness
fluctuation signals, with the oscillations at the frequency
19 and the presence of its first harmonic 2f1-9, is in all
respects similar to that already discussed in Sec. III for stan-
dard discharges. In Fig. 18(a) a tomographic reconstruction
of a bean-like structure is displayed. The structure stretches
over a significant fraction of the plasma radius and is rather
elongated in the poloidal direction: the 80% iso-emissive
contour covers a poloidal angle of about 200°. A Poincaré
plot performed with the ORBIT code for the same shot and
time instant is shown in Fig. 18(b). The region with con-
served flux surfaces resembles, both in radial and poloidal
extensions, the SXR structure of Fig. 18(a).
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FIG. 19. (Color online). (a) Wavelet of the SXR signal shown in (b), which
is measured by an off-axis chord during a MH PPCD discharge and band-
pass filtered around the rotation frequency of the (1, 6) and (1, 7) modes. (c)
and (d) are the same as (a) and (b), respectively, but for a central chord. The
mode frequencies 1% and £ are represented on the wavelet contours by
black solid and dashed lines, respectively. The white lines correspond to the
first harmonic of these two frequencies.

With a procedure similar to that described in Sec. III, we
can identify the bean-shaped structure of Fig. 18(a) with the
magnetic island, which arises at the resonance of the (1, 6)
mode. Both the SXR and the magnetic islands during PPCD
are bigger than similar structures occurring in standard plas-
mas. This is mainly due to the reduction of secondary mode
amplitudes and is a general feature of PPCD experiments
with a QSH spectrum.

B. Imaging of the MH PPCD: The emergence of
multiple helical flux surfaces

As discussed at the beginning of this section, the appear-
ance of a rotating double SXR structure is characteristic of
MH PPCD plasmas when two modes with similar, low am-
plitudes are present in the plasma core. Low amplitudes are
associated with small islands, which in turn determine small
spatial changes in SXR signals. For this reason, SXR mea-
surements of multiple coherent structures are more difficult
to perform than for single helical structures. Evidence of the
presence of two islands in the core of MST has been recently
found, starting from analysis of brightness fluctuation
patterns.39

An example of SXR signals during a PPCD discharge
with multiple structures is shown in Fig. 19. The shot corre-
sponds to a case with similar (1, 6) and (1, 7) mode ampli-
tudes and rotation frequencies. The two modes rotate at simi-
lar but not identical frequencies f1'© and 7. The slight
difference induces a beat pattern in the fluctuating compo-
nent of the SXR signals, as shown in Fig. 19(b) for an edge
chord (signals are band-pass filtered around the dominant
frequency, f=~27 kHz). The high-frequency oscillation cor-
responds to the average frequency of the (1, 6) and (1, 7)
mode amplitudes, while the envelope corresponds to the fre-

quency of the beating structure, which is given by f=/£17
— 19 The wavelet spectrum of Fig. 19(a) also shows the
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FIG. 20. (Color online). (a) SXR emissivity map reconstructed from high-
pass-filtered signals and (b) ORBIT reconstruction of the magnetic-field
lines during a MH PPCD discharge in which the (1, 6) and (1, 7) islands
appear simultaneously.

presence of the beating at the mode rotation frequency. The
overplotted solid and dashed lines represent the frequencies
of the two modes.

The analysis of the filtered SXR signal measured by a
central chord is reported in Figs. 19(c) and 19(d) and gives
the key evidence for the simultaneous presence of two is-
lands. In fact, a beating pattern at the frequency of the first
harmonic is also present. In this case the band-pass filter is
around the frequency of the first harmonic, between 30 and
50 kHz. Since SXR oscillations at the first-harmonic fre-
quency imply the presence of a single, poloidally localized
helical structure, the beat at that frequency implies that two
such structures are present in the plasma core. PPCD shots
with small amplitudes of the innermost (1, 6) and (1, 7)
modes are characterized by the presence of two individual,
small (1, 6) and (1, 7) islands.*

The above result is also confirmed by the tomographic
reconstruction shown in Fig. 20(a). This has been performed
considering only the fluctuating component of the measured
brightness signals, so that the radial shape of the perturbed
emissivity is better visualized. These signals have been fil-
tered between 22 and 64 kHz to retain also the first harmonic
of the fluctuation. The radial positions of the two structures
are consistent with the resonance radii of the (1, 6) and (1, 7)
modes. By analyzing a sequence of tomographic reconstruc-
tions, not shown here, the two structures rotate in the poloi-
dal direction at different velocities, the difference in the po-
loidal angle being Af= 60— g1 =2 7.

The field line tracing performed with the ORBIT code
and reported in Fig. 20(b) shows the presence of two mag-
netic islands at the same radial positions of the reconstructed
SXR structures. A 3D reconstruction of the conserved helical
ﬂu)égsurfaces through the ORBIT code is also reported in Fig.
21.
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FIG. 21. (Color online). 3D reconstruction from the ORBIT code of the
magnetic surfaces corresponding to the (1, 6) and (1, 7) islands during a MH
PPCD discharge. The green circle indicates the poloidal plane corresponding
to the Poincaré section shown in Fig. 20(b).

VI. DISCUSSION AND CONCLUSIONS

In MST helical SXR structures are present both in stan-
dard and PPCD plasmas. These thermal structures have been
mapped by means of SXR tomography and identified with
m=1, n magnetic islands. It has been shown that thermal
islands appear not only in plasmas with a QSH spectrum, but
also during MH regimes. In standard plasmas a (1, 5) island
can form soon after the sawtooth crash, when the plasma has
typically a MH magnetic spectrum. This is explained by the
fact that the on-axis safety factor ¢(0) increases above 1/5
after a crash, the resonant surfaces are quite separated, and
all the mode amplitudes are low enough that island overlap is
suppressed. PPCD plasmas, on the other hand, can have both
a QSH spectrum with the presence of a single SXR island or
a MH spectrum characterized by the appearance of multiple
islands. This is the first observation of multiple structures in
a RFP and it is caused by the strong magnetic-mode reduc-
tion produced by PPCD.

The presence and size of thermal islands do not depend
only on the dominant mode amplitude, but also on the aver-
age amplitude of the secondary modes, as has already been
pointed out theoretically. In fact, when the mode amplitudes
are comparable, magnetic chaos is produced by the island-
overlap mechanism. On the other hand, when the dominant
mode amplitude is much higher than the neighboring ones in
QSH states, the classical resonance overlap criterion no
longer applies. In these cases the expulsion of the island
separatrix has been suggested as a mechanism for explaining
the emergence of helical flux surfaces out of a stochastic
backglround.48

To obtain a more quantitative and comprehensive de-
scription of this phenomenon, a series of similar standard
and PPCD shots with Ip:400 kA has been analyzed, look-
ing for the presence of SXR islands by means of the tech-
niques described in Sec. III. The experimental magnetic
spectrum changed from shot to shot. Here the amplitudes of
the two innermost resonant modes, i.e., the (1, 6) and (1, 7)
modes, are considered. In these shots the (1, 7) mode ampli-
tude is roughly proportional to the average amplitude of the
secondary modes; therefore the decrease of the (1, 7) is on
average simultaneous to a decrease of all the other modes. In
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FIG. 22. (Color online). Normalized amplitude of the two innermost reso-
nant (1, 6) and (1, 7) modes for several, similar standard and PPCD dis-
charges. The data refer to PPCD discharges in which single (red filled
squares) or double (blue filled circles) SXR islands are observed in tomog-
raphic reconstructions. The red and blue open diamonds indicate QSH and
MH states from precrash periods in standard shots, respectively. The dashed
lines indicate loci of constant-mode energy.

Fig. 22 the normalized amplitude of these modes for stan-
dard precrash periods (open symbols) and PPCD plasmas
(full symbols) are reported. The different symbols also indi-
cate whether one (red diamonds for standard QSH and red
squares for PPCD QSH), two (blue circles), or no (blue dia-
monds) SXR islands are present in the plasma. The figure
suggests that, independent of the operating conditions, i.e.,
standard discharges in the precrash phase or PPCD dis-
charges, reaching a lower threshold value for the ratio
B0 /51D i5 o necessary condition for a (1, 6) SXR island to
appear. This extends a result obtained in the past for PPCD
shots.*” Moreover, two islands can simultaneously be present
only during PPCD discharges with a MH mode spectrum,
when all the mode amplitudes are sufficiently low, while no
structures emerge in standard MH plasmas.

To explain the behavior of the islands described above
for the experiment, the dependence of the magnetic island
widths computed by ORBIT on the magnetic spectrum has
been analyzed. We have considered a simplified model spec-
trum (see the inset of Fig. 23 for an example) in which the
(1, 6) and (1, 7) mode amplitudes have been varied in a
rather wide range. The amplitude of the modes with n>7 is
multiplied by the same factor as the (1, 7) mode, since in the
experiment the average amplitude of these secondary modes
is proportional to that of the (1, 7) mode, as said above. For
each value of the normalized (1, 6) and (1, 7) mode ampli-
tudes, the radial width of the respective magnetic islands
have been determined from the Poincaré plots. The width of
the (1, 6) island is represented by the contour in Fig. 23 as a
function of 5(01’6)/30((1) and 17(01’7)/30(@.

Despite the simplified model spectrum, the dependence
of the (1, 6) island width on the mode amplitudes is rather
complex. The presence of the (1, 7) mode is the first limiting
factor to the (1, 6) island width, as the (1, 7) island overlaps
with the (1, 6) one. In particular, for low values of the nor-
malized (I, 7) mode amplitude, i.e., for 5591’7)/Bg(a)
<0.15%, the (1, 6) island width is a growing function of the
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FIG. 23. (Color online). (a) The (1, 6) island width as a function of the
normalized (1, 6) and (1, 7) mode amplitudes. All island widths are com-
puted for the same equilibrium, only modifying the magnetic spectrum
shown in (b) by rescaling independently the amplitude of the dominant and
of all the secondary modes. The dashed region indicates values of the mode
amplitudes for which a (1, 7) island emerges with a radial width greater than
1 cm.

mode amplitude, even if a simple dependence like w'!:®

oc l;(;’é), which is predicted for a linearly unstable tearing
mode, does not hold. Similarly to what is observed in the
experiment, islands bigger than 3 cm are found when

53’6)/ l;(om) exceeds a value of about 2.5.

When both the (1, 6) and (1, 7) mode amplitudes are low
enough, two islands are observed to appear in the Poincaré
plots, which have the same helicity as these modes. A (1, 7)
island of radial width w7 >1 cm is found for values of the
mode amplitudes in the shaded region of the figure. When

the 1;(01’7)/ B(a) mode amplitude is higher, and consequently,
all the other secondary mode amplitudes are higher, no (1, 7)
island appears.

This model can give only qualitative information, be-
cause of the simplified spectrum used. In particular, the is-
land dimensions for standard discharges may differ from the
corresponding values of the figure due to the slightly differ-
ent shape of the secondary-mode spectrum. Moreover, the
equilibrium magnetic-field profile of standard discharges is
different from the one used in the model, which can affect
systematically the position and width of the island. Nonethe-
less, the simplified model used to reconstruct the island
widths qualitatively reproduces the general behavior of Fig.
22, and in particular, (i) the presence of a (1, 6) island when
the ratio between the two innermost resonant-mode ampli-
tudes is greater than 2.5; (ii) the presence of at least two

islands when 15(01’6) =l;(01’7) and both mode amplitudes are be-
low 0.2%, i.e., in the MH PPCD case; and (iii) the absence of

islands when 519 =517 with both amplitudes sufficiently
large, i.e., in MH standard discharges.

In summary, the emergence of helical flux surfaces out
of a chaotic magnetic field is a complex phenomenon that
depends on many factors, including magnetic equilibrium
and details of the spectrum. Nonetheless, the ratio of the
innermost resonant modes measured at the edge gives indi-
cations on the presence of one or two islands in the case

Phys. Plasmas 13, 012510 (2006)

considered here. The investigation of the mechanism of mag-
netic surface destruction and restoration related to the over-
lap of magnetic islands, together with the experimental ob-
servation of SXR islands in the core of MST, allows us to
provide the first direct evidence of magnetic chaos reduction
both in QSH periods and, more dramatically, during PPCD
experiments. The observed reduction of mode energy mea-
sured at the edge occurs throughout the whole plasma and
the modeling of eigenfunctions is confirmed by the experi-
mental observation of hot SXR structures.
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