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Effect of resonant magnetic perturbations on three dimensional equilibria in
the Madison Symmetric Torus reversed-field pinch

S. Munaretto,®® B. E. Chapman, M. D. Nornberg, J. Boguski, A. M. DuBois, A. F. Almagri,

and J. S. Sarff

Department of Physics, University of Wisconsin—-Madison, 1150 University Ave, Madison, Wisconsin 53706, USA
(Received 30 November 2015; accepted 25 January 2016; published online 11 March 2016)

The orientation of 3D equilibria in the Madison Symmetric Torus (MST) [R. N. Dexter et al.,
Fusion Technol. 19, 131 (1991)] reversed-field pinch can now be controlled with a resonant mag-
netic perturbation (RMP). Absent the RMP, the orientation of the stationary 3D equilibrium varies
from shot to shot in a semi-random manner, making its diagnosis difficult. Produced with a poloidal
array of saddle coils at the vertical insulated cut in MST’s thick conducting shell, an m =1 RMP
with an amplitude b,/B ~ 10% forces the 3D structure into any desired orientation relative to
MST’s diagnostics. This control has led to improved diagnosis, revealing enhancements in both
the central electron temperature and density. With sufficient amplitude, the RMP also inhibits the
generation of high-energy (>20keV) electrons, which otherwise emerge due to a reduction in
magnetic stochasticity in the core. Field line tracing reveals that the RMP reintroduces stochasticity
to the core. A m=3 RMP of similar amplitude has little effect on the magnetic topology or the
high-energy electrons. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943524]

INTRODUCTION

Application of an externally applied magnetic field with
the same poloidal and toroidal mode number as a mode reso-
nant inside a magnetically confined plasma has become an im-
portant control tool for a variety of magnetic configurations.
The resonant magnetic perturbation (RMP) is used routinely
in the tokamak,lf12 the stellarator,n’14 the heliotron,ls’16 and
the reversed-field pinch (RFP).'”! The resonant magnetic
perturbation is also considered to be of fundamental impor-
tance for the ITER tokamak advanced scenario.*!'%3

Resonant magnetic perturbations are used, e.g., for the
control of ELMs, the stabilization of detached plasmas, the
suppression of high-energy electrons, and the control of tear-
ing mode rotation. The latter two are of particular impor-
tance in RFP devices when the configuration evolves from
2D (toroidally axisymmetric) to 3D (helical, stellarator like).
Here, the normally broad spectrum of m =1 tearing modes,
called the multiple helicity (MH) state, condenses to the
quasi-single-helicity (QSH) state, wherein the m =1 spec-
trum is dominated by a single core-resonant mode, and
energy confinement is improved.24 The transition is more
prevalent at higher toroidal plasma current and lower density
with evidence across devices that the threshold condition
may be described as either a Lundquist number or Hartmann
number dependence.*”*

While the QSH state is common in RFP plasmas, a com-
plete understanding of its emergence and confinement physics
is still lacking. Possible explanations for its emergence have
derived from visco-resistive MHD,27_31 reconnection due to
pressure-driven modes,*” and the physics of transport bar-
riers,”>** but detailed comparisons to experimental data are

Note: Paper PI3 4, Bull. Am. Phys. Soc. 60, 262 (2015).
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required. Understanding both the emergence and confinement
physics of the 3D state requires measurements of profiles in
the plasma core such as magnetic field, flow, and temperature.

Complete diagnosis of a helical structure already
presents a significant challenge for a stationary diagnostic set
given the strong geometric variation of flux surfaces. This
would be ameliorated were the structure to have a finite rota-
tion rate, but in the Madison Symmetric Torus (MST)35
RFP, the helical structure slows and locks as it grows, and
the locking orientation varies only semi-randomly from shot
to shot.

To facilitate diagnosis in MST, a resonant magnetic per-
turbation is applied to control the orientation of the 3D struc-
ture. This has allowed an initial study in MST of the thermal
electron confinement properties, one focus of this paper. This
study is further facilitated by a recent advance with the 3D
equilibrium reconstruction code, V3FIT.*® Through its appa-
rent effect on the central magnetic topology, the RMP has
also allowed further examination of the confinement of high
energy electrons that emerge as the 3D structure forms.>’ A
RMP of sufficient amplitude suppresses these electrons, which
is interpreted as a reintroduction of stochasticity to the central
region. This supports the model in Clayton et al. wherein the
high-energy electrons emerge due to a local reduction in sto-
chasticity.®” The physics of the emergence of this state will be
addressed in future work.

The paper is organized as follows. The Experimental
Setup section presents the MST device and the RMP tech-
nique.?' The QSH characterization section describes the tran-
sition to a helical configuration in terms of electron density
and temperature profiles mapped to helical flux surfaces with
V3FIT. Following this is a description of the x-ray emission
that reflects the presence of high-energy electrons within the
helical region. This is followed by data illustrating the impacts
on the electrons of both m=1 and m=3 magnetic

© 2016 AIP Publishing LLC
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perturbations. The Field line tracing reconstructions section
explains these impacts in terms of the effect on the magnetic
topology.

EXPERIMENTAL SETUP

The MST device is characterized by a major radius
Ro=1.5m and a minor radius ¢ =0.52 m. A 5-cm-thick con-
ducting shell comprised of aluminum fits closely around the
plasma. The conducting shell, which also serves as the vac-
uum vessel, has a vertical insulated cut to allow inductive
drive of the toroidal plasma current. A schematic of the bot-
tom half of the shell is shown in Figure 1. The vertical cut,
located on the left in the figure, produces strong error fields
that are counteracted by an active feedback system com-
prised of 32 sensing coils and 38 correction coils.?! The
core-resonant m = 1 tearing modes typically rotate spontane-
ously in MST. When the core-resonant mode associated with
the QSH structure grows to large amplitude, it induces sub-
stantial eddy current in the shell. The eddy current is reso-
nant with the dominant mode and produces a rotating
magnetic perturbation which has a phase lag due to the finite
self-inductance and resistance of the shell. The interaction of
this perturbation with the core-resonant mode results in an
electromagnetic drag torque that slows mode rotation until
the mode locks to one of many small, static error fields.*® To
reliably stimulate the QSH transition, plasmas with a current
of I,~500kA and density of 5 X 10" m™ are produced.
The current required by the correction coils to counteract the
error fields produced by these plasmas exceeds the system
limit at a specific poloidal location. The resulting static error
field sometimes causes the mode to lock with preference to a
particular orientation.

Hence, measurements of the stationary 3D structure in
various orientations with fixed diagnostics are very challeng-
ing. To overcome this problem, a system for locking the
QSH structure into a pre-programmed orientation (phase)
through the use of a resonant magnetic perturbation has been
developed.”! The technique takes advantage of the active

FIG. 1. Bottom half of the 5-cm-thick MST conducting shell. Located at the
single vertical cut in the shell (on the left in the figure) are the error field cor-
rection coils (green) and the error field sensing coils (white). Other magnetic
sensors are shown in black.
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feedback system. To achieve a particular orientation of the
3D structure, we introduce an offset in the correction of the
m=1 component that couples with the dominant m=1,
n=>3 tearing mode. The applied error field acts as a resonant
magnetic perturbation that exerts a braking torque on the hel-
ical structure. Using this technique, the desired poloidal
phase of the QSH structure can be achieved within 5° at
about a lo confidence level when the applied perturbation
has an amplitude ofBgmzl)/B(a) > 8%.%

QSH CHARACTERIZATION

The possibility of locking the helix in any desired orienta-
tion allows us to position it favorably for MST’s major diag-
nostics, including Thomson scattering,39 far infrared (FIR)
interferometry/polarimetry,*® and soft-x-ray (SXR) tomogra-
phy.*!*** The importance of controlling the orientation of the
helical structure can be seen in Figure 2. Here, there are two
different electron temperature profile measurements. The
Thomson scattering system allows measurement of the elec-
tron temperature (7,) along the minor radius, from near the
geometric axis to the bottom of the vessel. The two measure-
ments shown in Figure 2 are performed with the helix
aligned (a) and counter-aligned (b) with the beamline of the
diagnostic. The profile on the left reveals a temperature
structure, consistent with experimental observations from
other RFP devices.*> The profile on the right completely
misses the temperature structure. Similar considerations for
the other diagnostics lead to a determination of the optimum
phase of the 3D structure.

Equilibrium reconstructions

To better understand these 3D equilibria, it is necessary
to perform non-axisymmetric flux-surface reconstructions.
One tool for such reconstructions is a code called NCT-
SHEq*** that computes an axisymmetric equilibrium and
superimposes on it a perturbation with the periodicity of the
innermost resonant tearing mode. External magnetic meas-
urements constrain the equilibrium as well as the phase and
amplitude of the core mode. NCT-SHEq has been used, for
example, to perform a density inversion to highlight the tran-
sition to the helical magnetic equilibrium.*®

A more advanced 3D-flux-surface reconstruction tool is
the V3FIT code.’ It reconstructs flux surfaces based on both
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FIG. 2. On the left (a), an electron temperature profile measured when the
3D structure is aligned with the Thomson scattering beamline. On the right
(b), the structure is displaced poloidally 180° from the beamline.
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external and internal measurements of quantities that affect
the magnetic equilibrium. V3FIT has been applied to stellara-
tor, tokamak, and RFP plasmas.47 The code determines the
best fit of a Variational Moments Equilibrium Code (VMEC)
equilibrium®® constrained by all available measurements. In
MST, data from external magnetic measurements, FIR interfer-
ometry/polarimetry, Thomson scattering, and SXR tomogra-
phy are included in the fit. A further improvement to the
V3FIT reconstructions for MST has been recently achieved by
including the contribution of the edge helical perturbation
from the eddy current induced in the shell.*’ Figure 3 shows
an example of a reconstruction with V3FIT. A comparison of
measured and reconstructed line-integrated densities is shown
on the left (a). The agreement is quite good. On the right (b),
the density profile is mapped onto helical flux surfaces, show-
ing that the largest density, :1019m73, occurs in the center of
the helical structure. A limitation in the V3FIT reconstructions
comes from the assumption made in the VMEC equilibrium
code. It assumes closed, nested flux surfaces and thus can only
model a single magnetic axis. This limitation however is not
impacting the results presented here. In the QSH state, the
equilibrium is 3D around a single helical axis when the ampli-
tude of the toroidal component of the innermost resonant mode
exceeds 3.5% of the magnetic field amplitude at the edge.*’
For example, for the shot in Figure 4, this threshold corre-
sponds to 5b£1"5) =55G.

Thermal electron time evolution and high energy
electron generation

A time series of electron density and temperature pro-
files is created from within a single discharge by recon-
structing flux surfaces at a frequency of 1.5 kHz, the rate at
which T, measurements are made. From these time series,
we can characterize the evolution of any structures associ-
ated with the thermal electrons. In Figure 4(a), the time
evolution of the amplitude of the innermost resonant mode
(m=1, n=35) is shown. The growth of this mode is accom-
panied by a rise in temperature in the central part of the
plasma (Figure 4(b)). But this enhancement fluctuates, as
was previously observed in RFX-mod.’® There is also a
central accumulation of the electron density n, (Figure
4(c)), which in contrast to the temperature is steady and
persists to the end of the QSH phase.

During the transition to QSH, a population of high-energy
(runaway) electrons emerges, as indicated by the emission of
high-energy x rays (bremsstrahlung).?” This is unusual in the
typically stochastic RFP plasma, since the rate of electron
loss increases with electron velocity. From field line tracing
with the ORBIT code,”" it was previously hypothesized that
the electron population could emerge due to a localized
region of reduced stochasticity corresponding to the 3D
structure.”” However, the experimental evidence to support
this picture in detail was lacking. Data presented in this and
RMP impact on non-thermal and thermal electrons sections
bolster this earlier hypothesis, as will be summarized in the
Conclusion section of this paper.

For the present work, x-ray measurements have been made
with a new detector which can count individual photons with
high time response.”” In Figure 5 on the left, x rays emitted by
high-energy electrons during and after the QSH growth phase
are shown. The temporal evolution of the n=5 and n=26
modes are shown in Figure 5(a), while the x-ray count rate is
shown in Figure 5(b). The data are plotted versus relative
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FIG. 4. Time evolution of the amplitude of the innermost resonant tearing
mode (a), the electron temperature profile (b), and the electron density pro-
file (c). The two profiles are plotted versus helical flux coordinate (vertical
axis), where the O corresponds to the helical magnetic axis, computed with
V3FIT. Discrete reconstructions versus time are smoothed to produce the
continuous contour plots in the figure. Vertical dashed line indicates when
the (4%) RMP is turned off. The red and blue lines indicate times when the
samples of T, in Figure 8 are chosen.
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time, where = 0 corresponds to the time when 5b§175) =060G.
The x rays counted here have an energy of at least 20keV, and
the count rate is determined in 0.5 ms intervals.

The two plots on the right in Figure 5 show the differ-
ence in detected x-ray emission when the helical magnetic
axis (center of the 3D structure) is locked out of (Figure
5(c)) or in (Figure 5(d)) the detector’s line of sight. The data
in each of these two plots were compiled from multiple simi-
lar shots without the RMP. The precise locking time of the
3D structure varies slightly from shot to shot, but on average
it is at about 1.5 ms (relative time) in both cases. Before this
time, while the dominant mode is still growing and rotating,
the x-ray emission in the two cases is similar, as expected
from data shown in Clayton et al.’” After locking, however,
the x-ray flux is larger when the structure is in the detector’s
line of sight (Figure 5(d)). This supports the earlier hypothe-
sis that the energetic electrons are concentrated within the
3D structure.

The transition to a QSH state impacts also the confine-
ment of fast ions, as described in Ref. 53. Here, it is shown
that the helical equilibrium introduces neoclassical effects that
reduce the fast ion confinement time with respect to the MH
state. Despite a degradation of the fast ion confinement time, it
is still larger than the one expected for stochastic transport.

-5 0 5 10
time [ms]

RMP IMPACT ON NON-THERMAL AND THERMAL
ELECTRONS

While an external magnetic perturbation can control the
orientation of the helical structure, there are additional impacts
as well. The most obvious is the suppression of x-ray flux
associated with the high-energy electrons, Figure 6. Here, a
magnetic perturbation with m=1 is applied from 20 to
25 ms. Each plot corresponds to an ensemble of tens of dis-
charges with an RMP amplitude ranging from 5" /B(a)
~ 6% — 12%. As the RMP amplitude increases, the x-ray
counts decrease, and with the largest-amplitude RMP’s, the
x-ray counts remain low after the RMP is turned off.

The suppression of the high-energy electrons with an
m =1 magnetic perturbation is a resonant effect, depending
on the presence of finite-amplitude m = 1 modes pre-existing
in the plasma. This is determined by applying a m = 3 pertur-
bation with an amplitude comparable to that of the m =1
perturbation, Figure 7. While there are m = 3 resonant surfa-
ces in the RFP plasma, e.g., m=3, n=15, the associated
modes are of negligible amplitude compared to the m =1
modes. The top plot in Figure 7 shows the average x-ray
count rate from a series of discharges where a m =1 pertur-
bation was applied from 20 to 25 ms. The bottom plot shows
the same measurement when a m =3 perturbation of the

30

251

20+

15t

X-ray counts/shot

30 15

time [ms] time [ms] time [ms]

FIG. 6. Effect of m =1 magnetic perturbation on the high-energy electron population. X-ray counts are shot averaged in each time bin. Shaded area corre-
sponds to the time when the RMP is applied. Normalized RMP amplitude indicated in each plot.
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FIG. 7. Comparison of x-ray counts with m=1 (a) and m =3 (b) magnetic
perturbations. Shaded areas correspond to time when perturbations are
applied. Counting rate lower than in previous plots due to x-ray detector
being mounted at a different location.

same amplitude is applied. It is clear that high-energy x rays
are not suppressed by the m = 3 perturbation.

There is also an apparent impact of the m = 1 magnetic
perturbation on the bulk electron temperature profile.
Figure 4 showed a case with the RMP amplitude of 4%
applied until 26 ms (highlighted by the dashed line). Figure 8
shows two T, radial profiles measured during the time win-
dow shown in Figure 4. One was measured during applica-
tion of the RMP, while the other was measured after the
RMP is turned off. In both cases, the amplitude of the n =35
mode has saturated, and a temperature structure is present.
One noticeable difference between the two profiles is the
width of the structure inside of r/a=0.4. The structure is

800 . . .

600 |

T [eV]

400

--*--Te no RMP
=T RMP on
200 ° - -

0 0.2 0.4 0.6 0.8
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FIG. 8. Examples of electron temperature profiles during (red) and after
(blue) application of a b*” /B(a) ~ 4% magnetic perturbation. The two
profiles are extracted from 25 and 30 ms in Figure 4.
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narrower with the RMP applied. Such a narrowing has been
observed in temperature profiles from multiple shots. The
impact of a still-larger-amplitude RMP on the T, profile has
yet to be explored.

FIELD LINE TRACING RECONSTRUCTIONS

The data in the RMP impact on non-thermal and thermal
electrons section suggest that the m = 1 RMP may be chang-
ing the magnetic topology by reintroducing and/or intensify-
ing magnetic stochasticity. To better understand this
potential effect, we have reconstructed the magnetic topol-
ogy for various cases with the MAL>* field line tracing code.
These reconstructions start with data from the 3D resistive-
MHD code, DEBS.”? Included are an axisymmetric equilib-
rium plus the eigenfunctions associated with the 11 largest
resonant m =1 tearing modes, with 5 <n <15. The mode
spectrum from DEBS is flat. Hence, to mock up the very
peaked QSH mode spectrum, the amplitude of the n=35
component is increased 10-fold, matching the experiment.

To this is added the vacuum field associated with the
external magnetic perturbation. Since the magnetic perturba-
tion is produced at the narrow vertical cut in the conducting
shell, the associated toroidal mode spectrum is broad. Hence,
we include 50 n harmonics, all with the same poloidal perio-
dicity, amplitude, and radial profile. The radial profile is the
vacuum solution to Ampere’s law using the current flowing
in each correction coil. The plasma response has been
neglected, which is a common assumption.”®~®

In Figure 9 are Poincaré plots produced over the poloi-
dal cross section at the toroidal location of the vertical cut in
the shell. The field line maps are similar at other toroidal
locations. In all these reconstructions, each field line com-
pletes 1500 toroidal transits, which is the number of turns
needed by an electron to achieve an energy above 20keV in
MST. In the top left plot (Figure 9(a)) is the case without an
external magnetic perturbation. In one quadrant is a region
of reduced stochasticity corresponding to the 3D structure.
The Poincaré plot is similar to those reconstructed from
experimental measurements of QSH plasmas with a single
helical axis.*® This result is also in agreement with previous
field line tracing studies where a region of reduced stochas-
ticity was observed in conjunction with QSH states.”® On the
top right (Figure 9(b)), a m =1 perturbation is applied with
an amplitude 5bM"/ 5b") = 3%, where we are now normal-
izing each (1,n) component of the external perturbation to
the amplitude of the internally resonant (1,5) mode, both
quantities measured at the boundary. This perturbation
causes a shrinking of the structure. On the lower left (Figure
9(c)), the m =1 perturbation is increased to ~13%, causing
the structure to vanish. On the lower right (Figure 9(d)), an
m =3 perturbation is applied with an amplitude of ~13%
once again. Here, the m =1 structure remains largely unper-
turbed. Note that despite the fact that the perturbation
applied is local, the effect on the stochasticity is observed at
any toroidal position. This can be attributed to the fact that
the level of stochasticity depends on the average magnetic
energy of the perturbations rather than on their position.*
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FIG. 9. Field line tracing reconstructions of QSH states with and without
external magnetic perturbations. Case with no external perturbation on top

left (a). Cases with weak (5b"/5h\"” =3%) and strong (5bMF/5b"”
= 13%) m= 1 perturbations on top right (b) and lower left (c), respectively. Case
on lower right (d) is with strong (36" /5b{"*) = 13%) m = 3 perturbation.

To examine in more detail the variations of the radial
width of the structure in Figure 9, we plot in Figure 10 the
average magnetic field line wandering (fiw) as a function of
a field line’s starting radius. The average magnetic field
line wandering is computed by summing all the radial steps,
normalized to the minor radius, a field line makes each to-
roidal transit and dividing by the number of transits. A field
line starting in the stochastic region executes steps of ran-
dom amplitude and direction. A value of flw =0.12 has
been established empirically as the threshold to identify the
region where a field line is not free to move randomly.
Therefore, the region where flw < 0.12 is considered to be
the 3D structure. As the amplitude of the m = 1 perturbation
increases, the radial width of the reduced-stochasticity
region decreases, and, as expected, a m = 3 perturbation has
essentially no impact on the radial width.

The variation with applied magnetic perturbation ampli-
tude of the estimated width of the reduced-stochasticity

0.2
0.15
= 01
=
005 N 4 ¥ | weak m=1 MP
0 . . . . = ==strong m=3 MP

0 5 10 15 20 25 30 35
initial radius [cm]

FIG. 10. Magnetic field lines wandering (f/w) as a function of their initial ra-
dial location. The cases shown correspond to those in Figure 9. A value of
flw=0.12 is identified as the threshold to quantify the width of the reduced-
stochasticity region.
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FIG. 11. Width of the area with flw < 0.12 as a function of the amplitude of
the m =1 and m =3 perturbation. Red and blue shaded areas correspond to
the weak and strong perturbations of Figures 9 and 10.

region is shown in greater detail in Figure 11 for both m=1
and m = 3 perturbations. This width is that of the region with
flw less than 0.12. The perturbation amplitudes for the cases
shown in Figures 9 and 10 are highlighted. As expected, the
radial width with the m =3 perturbation is constant and
equal to the case with zero external perturbation. On the
other hand, the width decreases as the amplitude of the
m = 1 perturbation increases.

The decrease in the x-ray flux versus m =1 RMP ampli-
tude is roughly consistent with the decrease in the size of the
reduced-stochasticity region calculated with field-line trac-
ing. The RMP amplitudes applied with the x-ray measure-
ments were described in terms of h*F /B(a), and the RMP
amplitudes applied with the field-line-tracing calculations

were described in terms of 567 / 5b§1"5). But these two ratios
describe very similar situations. b*" is about two orders of

magnitude larger than 567, and B(a) is about two orders of

magnitude larger than 5b,(1"5>.

CONCLUSIONS

Magnetic perturbations are now used in MST to control
the orientation of the helical equilibrium with respect to the
diagnostics. Together with improvements in equilibrium
reconstruction with V3FIT, this allowed us to build an en-
semble of data to study thermal electrons in QSH plasmas. It
revealed that the QSH state is characterized by the presence
of an intermittent 7, structure but also a more steady n,
structure. Field line tracing reconstructions show that the 3D
structure is a region of reduced stochasticity. They also show
that as the amplitude of the m = 1 resonant magnetic pertur-
bation increases, the reduced-stochasticity region shrinks
and eventually vanishes. The suppression of the high-energy
electrons also grows stronger as the perturbation amplitude
increases.

That the high-energy electrons emerging during QSH
could be confined in a region of reduced stochasticity associ-
ated with the helical structure was previously hypothesized
based on field-line tracing with the ORBIT code.?’ Data in
the present paper further support this hypothesis. The x-ray
flux measured at a fixed location is shown to be larger with
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the 3D structure in the detector’s line of sight. Moreover, the
x-ray flux depends strongly on the amplitude of the m=1
RMP, which is shown to modify the region of reduced
stochasticity.
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