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ABSTRACT

Tokamak plasmas often exhibit self-organizing behavior in which internal modes shape the toroidal current density profile, a common exam-
ple being the sawtooth instability. However, such behavior has not been studied in detail for edge safety factor below 2 due to disruptive kink
instabilities that typically prevent operation in this regime. Now, steady tokamak plasmas with an edge safety factor down to 0.8 have been
created in the Madison Symmetric Torus, where disruptions are prevented due to a thick, conductive wall and a feedback power supply that
sustains the plasma current. Internal measurements and nonlinear magnetohydrodynamic modeling reveal a family of safety factor profiles
with a central value clamped near unity as the edge safety factor decreases, indicating current profile broadening through a relaxation
process. As the safety factor decreases, the magnetic fluctuations become irregular, and the electron energy confinement time decreases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101880

The radial distribution of current flowing inside tokamak
plasmas is often shaped through a self-organization process1 where
internal, helical kink modes influence their own stability by driving
transport. A classic example is the sawtooth instability, which reg-
ulates peaking of the current density profile in most tokamaks and
remains a topic of active research.2–6 This process is thought to
impose a lower bound on the central safety factor, qð0Þ � 1, where
q(r) is the ratio of toroidal to poloidal winding number for the
equilibrium magnetic field, and r is the minor radius. A lower
bound is also routinely observed for the edge safety factor,
qðaÞ / B/=Ip � 2, where a is the plasma minor radius, B/ is the
toroidal field, and Ip is the plasma current, below which the growth
of external kink modes disrupts the discharge.4,7,8 This has pre-
vented detailed studies of current profile relaxation and central
safety factor behavior in the regime q(a)< 2. Furthermore, the
limitation on Ip for a given applied B/ is detrimental to the goal of
sustained nuclear fusion, since energy confinement, Ohmic heat-
ing, and the empirical Greenwald density limit scale with Ip.

9,10 If
the disruption can be avoided, a relatively unexplored, high-
current regime can be accessed and studied in which strong
self-organization and magnetohydrodynamic (MHD) kink
dynamics are expected. Similar kink-mediated relaxation is com-
monly observed in reversed-field pinch (RFP) and spheromak

plasmas,11–13 Z-pinches,14,15 solar flares,16–18 cylindrical plasma
flux-rope experiments,19–21 and twisted vortex lines in neutral
fluids.22

Kink instabilities in toroidal plasmas are resonant on rational
magnetic surfaces with q ¼ m=n, where m and n are the poloidal and
toroidal mode numbers. In the presence of a metallic boundary, the
external kink at the plasma edge becomes a resistive wall mode
(RWM) which grows on the characteristic wall time, sw, for resistive
diffusion of magnetic field into the boundary.23,24 Progress has been
made to circumvent the disruptive instability at q(a)¼ 2 by using
active magnetic feedback to stabilize the RWM for tokamak plasmas
in the DIII-D (sw ¼ 2:5 ms) and RFX-mod (sw ¼ 50 ms) devices.25,26

DIII-D obtained edge safety factor 1.87 by transiently ramping the
plasma current upward. RFX-mod obtained qðaÞ ¼ 1:55 in steady
conditions, but the internal magnetic equilibrium and confinement
were not measured. Uncontrolled, transient, tokamak-like discharges
have been studied in a few cases for q(a) < 127–30 and for 1 < qðaÞ
< 231–35 due to their role in RFP startup physics and interest in
high-current tokamak operation, but detailed analysis of equilibria
and fluctuations was difficult in these short discharges of duration
�5ms. Recently, longer discharges (�100 ms) with q(a)< 1 have
been studied in RFX-mod, with a focus on MHD activity during step-
wise evolution of the plasma current.36 The q(a)¼ 2 threshold has also
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been crossed in stellarator–tokamak hybrid discharges where a frac-
tion of the rotational transform is supplied externally.37 Nonlinear
MHD simulations have been conducted in a few cases for q(a)
< 1,36,38–40 but otherwise the q(a)< 2 regime has received little atten-
tion from modern numerical simulations and theoretical analysis.
Thus, although the tokamak is the most widely studied magnetic
fusion concept, the q(a)< 2 regime is neither well characterized nor
well understood.

In this Letter, we report on the equilibrium, fluctuation, and con-
finement properties of steady, well-controlled tokamak plasmas with
very low edge safety factor 0:8 � qðaÞ � 3, with a focus on the range
1 < qðaÞ < 2. Measurements were made in the Madison Symmetric
Torus (MST) device,41 where the disruptive RWM instability is miti-
gated passively due to a thick, close-fitting shell with sw � 800ms, and
q(a) is held constant by feedback-controlled programmable power
supplies (PPS) driving both B/ and Ip.

42,43 This permits the study of
internally resonant tearing modes and transport physics for q(a)< 2
without the complicating factors of external modes or inductive effects.
A deep-insertion magnetic probe reveals a family of q(r) profiles that
appear to be clamped near unity in the core, with a flat region that
expands outward as q(a) decreases toward 1, reflecting a self-
organized flattening of the toroidal current density profile. Magnetic
fluctuation behavior changes from periodic sawtooth crashes to irregu-
lar, quasi-continuous relaxation as q(a) decreases. The electron energy
confinement time decreases for q(a)< 2. Numerical simulations using
the nonlinear MHD code NIMROD,44 initiated with low-q(a) experi-
mental equilibria and Lundquist number S � 105, also exhibit q(r)
profiles which relax toward unity in the core.

The MST is a toroidal plasma device with major radius R¼ 1.5 m
and minor radius 0.52 m, where fixed graphite limiters restrict the
plasma radius to a¼ 0.5 m.41 It was primarily designed and used to
study RFP physics45 but has recently been operated as a low-current
tokamak.46 It features a 5 cm thick aluminum vacuum vessel with a
circular poloidal cross section which also serves as a close-fitting con-
ducting shell and a single-turn toroidal field winding. The PPS systems
use pulse width modulation with feedback control to meet arbitrary
user-specified demand waveforms.42,43 In all plasmas described here, a
flat B/ ¼ 0:133 T waveform is produced with duration 40ms � sw.
Thus, during the discharges, surface-normal magnetic perturbations
are inhibited, and external modes are passively stabilized due to eddy
current flowing in the shell.

The toroidal plasma current was varied from 40 to 165 kA with
flat-topped waveforms, such that q(a) was held constant in the range
0.8–3. Any value of q(a) in this range is attainable. The measured
cylindrical safety factor, qcðaÞ ¼ 2pa2hB/ðaÞi=l0RIp, is shown in
Fig. 1(a), where h�i indicates a flux surface average, and l0 is the per-
meability of free space. The cylindrical approximation to q is about
10% lower at the plasma edge than that obtained from toroidal equi-
librium reconstructions, where the latter is important to understand
MHD kink stability, but the former is more easily measured. The sur-
face toroidal voltage, V/ðaÞ, equal to the resistive loop voltage in
steady-state, is shown in Fig. 1(b) with a running 0.3ms time average.
For qcðaÞ ¼ 2:7 (black waveforms), V/ðaÞ varies periodically with the
sawtooth cycle at a frequency of about 0.4 kHz. The variations in
V/ðaÞ are due to the PPS feedback circuit reacting to internal mag-
netic relaxation as well as changes in plasma resistivity. As q(a)
decreases toward 1, increased frequency and irregularity are observed.

The loop voltage increases from 2–3 V up to �30 V in the range
2:7 � qcðaÞ � 0:7. For qcðaÞ ¼ 0:7 (magenta waveforms), the voltage
swings dramatically due to strong kink activity. For all data shown
here, the working gas was deuterium, and the line-averaged electron
density was in the range 0:35–0:55� 1019 m	3, where the upper
bound is near the Greenwald limit10 for q(a)¼ 3.

Internal properties of tokamak plasmas can be inferred using edge
measurements of the poloidal field asymmetry factor K ¼ ~bh1ðaÞR=aBh

¼ li=2þ bp 	 1, where ~bh1ðaÞ is the m¼ 1, n¼ 0 spatial Fourier com-
ponent of the poloidal field measured by coil arrays mounted on the
inner surface of the conducting wall, li ¼ hB2

hi=B2
hðaÞ is the volume-

averaged internal inductance, and bp 
 2l0hpi=B2
hðaÞ is the plasma

pressure normalized to the edge poloidal field pressure.47 Waveforms of
K are shown in Fig. 1(c). Thermal pressure is relatively small in these
Ohmically heated plasmas, so K is dominated by li, which increases with
peaking of the toroidal current density profile, j/ðrÞ. Thus, early upward
evolution of K is associated with diffusive current peaking, which halts
due to the m=n ¼ 1=1 sawtooth instability when the core safety factor,
q(0), drops below unity. Lower-q(a) discharges reach steady-state earlier,
since less current peaking is required to reach qð0Þ ¼ 1. Lower q(a)
results in broader j/ðrÞ and, therefore, flatter q(r) profiles.

Internal diagnosis is accomplished using Thomson scattering,
which measures the electron temperature, Te, at 21 radial locations
r=a � 0:8;48 interferometry, which measures the electron density, ne,
along 11 vertical chords spanning the plasma diameter;49 and a deep-
insertion magnetic probe, which provides local field measurements in
all three directions at 20 radial locations, r=a � 0:69. All of these data
constrain toroidal equilibrium reconstructions using the MSTFit code.50

Figure 2(a) shows qcðrÞ profiles obtained from probe data
averaged over 27:5 � t � 32:5 ms, after all discharges have reached
steady-state. The data reveal a family of profiles which approach unity

FIG. 1. Waveforms of (a) cylindrical edge safety factor, (b) surface toroidal voltage,
and (c) poloidal asymmetry factor for discharges with 0:7 � qcðaÞ � 2:7 (data for
a given discharge denoted by the same color in all panels). Data for qcðaÞ ¼ 2.2
and 1.7 are omitted in panel (b) for clarity since V/ is similar to that of
qcðaÞ ¼ 2:7.
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in the interior and become flatter as q(a) decreases, consistent with
evidence of current profile broadening shown in Fig. 1(c). This is
indicative of a self-organization process in which the current distribu-
tion is rearranged due to mode activity such that the interior q(r)
remains near unity, even as the total current is varied. Thus, a mecha-
nism similar to the sawtooth cycle in standard tokamaks also appears
to be active in the range 1 < qðaÞ < 2. Data are omitted for cases
qðaÞ � 1 due to the presence of a strong, saturated 1/1 helical struc-
ture, the analysis of which is complicated and beyond the scope of this
work. Data are shown with smaller probe depth r=a ¼ 0:89 for
qcðaÞ ¼ 1.8 and 1.55 to demonstrate that q(r) is not altered by the
probe at depth r=a ¼ 0:69. Depths r=a < 0:69 were avoided due to
observed probe-induced alterations of the q(r) profile and dynamics.

An example MSTFit reconstruction of the q(r) profile and its
cylindrical approximation is also shown in Fig. 2(a). Although q(0) is
not directly measured, in Fig. 2(a) and the experimental data analysis
to follow, an artificial constraint qð0Þ ¼ 1 is implemented in MSTFit
in order to best reflect the self-organization process thought to be

active. This does not increase the error between the reconstruction
and the probe data. Equilibrium reconstructions constrained by
central measurements of the magnetic field in DIII-D also showed
qð0Þ � 1 for transiently achieved q95 � 1:87.26

Nonlinear MHD simulations using the NIMROD code44 are ini-
tialized using low-q(a) toroidal equilibrium reconstructions calculated
by MSTFit. Here, it is necessary to remove the qð0Þ ¼ 1 constraint
and initialize NIMROD with qð0Þ < 1 in order to excite the core 1/1
mode. Otherwise, sawtooth-like behavior is not observed. NIMROD
solves the 3D extended, visco-resistive MHD equations using a
finite-element method in the poloidal plane, a truncated Fourier repre-
sentation in the toroidal direction, and a semi-implicit time-advance
algorithm. An ideal-wall boundary condition at r¼ a and Lundquist
number of S ¼ 105 are used to reproduce experimental conditions.
Based on convergence tests for similar computations, the simulations
conducted here use a poloidal mesh of 1620 bicubic elements, toroidal
modes n � 10, and Prandtl number Pr¼ 5. They compute the nonlin-
ear evolution of perturbations about the equilibrium profiles deter-
mined by MSTFit. They are sensitive to profile details but not to initial
perturbations.

An example of the evolution of the qð
ffiffiffiffiffiffiffi
wN

p
Þ profile and central

value q(0) is shown in Fig. 2(b) for a simulation with qðaÞ ¼ 1:5,
where wN is the normalized poloidal flux, representing the minor
radial location in the plasma. The simulation features an early tran-
sient period where an n¼ 1 instability grows and drives q upward in
the core, followed by cyclical sawtooth fluctuations. The initial profile
from MSTFit is plotted as well as those during three sawtooth cycles,
demonstrating that q(0) is held between 0.85 and 1 due to the instabil-
ity. Similar behavior is observed in separate NIMROD runs with
qðaÞ ¼ 1.8 and 2.5. Poincar�e visualization of magnetic surfaces shows
that these cases are roughly consistent with the Kadomtsev model of
regular, periodic sawtooth reconnection,2,4 although the results were
found to be somewhat sensitive to the q(r) profile used for initializa-
tion. Overall, these simulations support the experimental implication
that qð0Þ � 1 for 1 < qðaÞ < 2.

Experimental probe data indicate that the interior safety factor
also remains near unity when q(a)¼ 1 is approached dynamically
from above in a single discharge. This is illustrated in Fig. 3, where Ip
is ramped upward from 50 to 90 kA starting at 25ms. The safety factor
at the edge decreases as 1=Ip, whereas inside the plasma it stops
decreasing near unity. Periodic sawtooth crashes are observed in the
probe signals prior to, and early in the current ramp. Fluctuations on

FIG. 2. (a) Probe data showing equilibrium safety factor profiles with maximum
depth r=a ¼ 0:69 [colored symbols indicate different values of q(a), independent
from Fig. 1] and r=a ¼ 0:89 for two cases qcðaÞ ¼ 1.55 and 1.8 (black circles). A
toroidal equilibrium reconstruction of q (solid) and qc (dashed) is shown for
qcðaÞ ¼ 2:1. Low-order rational values are indicated with dotted lines. (b) Safety
factor profile and (inset) central value evolution from a NIMROD simulation with
qðaÞ ¼ 1:5, where profiles are shown spanning the minor radius at t¼ 0 (dashed
black) and evenly spaced over 1:8 � t � 7:8 ms (solid blue). The black arrow indi-
cates raising of q(0) during an initial transient period.

FIG. 3. Waveforms of cylindrical safety factor from the magnetic probe at four equi-
distant radial locations for a single discharge in which Ip is initially held steady and
then ramped upward from 25 to 40 ms.
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the probe channels nearest the wall are associated with 10 kHz switch-
ing of the PPS.

Probe measurements of magnetic fluctuations are presented in
Fig. 4 for steady discharges over the range 1:7 � qðaÞ � 3. For
q(a)¼ 3, the signals show periodicity at 0.4 kHz associated with the
sawtooth cycle, and faster oscillations associated with rotating modes
during the crash. For qðaÞ ¼ 1.9 and 1.7, the signals become irregular,
and the power spectrum is broadened. Although these measurements
are made locally, they are consistent with the change in behavior at
lower q(a) observed in global measurements such as K in Fig. 1(c).
Data (not shown) from magnetic coil arrays mounted on the plasma-
facing wall also exhibit this trend. Periodic bursts of activity with a
dominant n¼ 1 component are measured at higher values of q(a),
gradually transitioning at lower q(a) to irregularity with 1 � n � 3
having similar amplitudes. The same behavior is observed in cases
where the probe is withdrawn, implying that the change is not due to
plasma–probe interaction.

The confinement properties of steady plasmas spanning
1:3 � qðaÞ � 3 are shown in Fig. 5, with Ip ranging from 40 to 90 kA
and the loop voltage, Vloop, ranging from 2 to 20V. Core-averaged
(r=a < 0:2) Thomson scattering measurements show the electron
temperature generally decreasing for q(a)< 2, with a slight local maxi-
mum near 2. Similar to the behavior of j/ðrÞ discussed above, the
TeðrÞ and neðrÞ profiles (not shown) become broader and flatter,
implying rapid thermal transport, as q(a) decreases. The Ohmic input
power, Pohm ¼ IpVloop, increases dramatically at low q(a). This is in
agreement with the MSTFit calculation based on neoclassical resistiv-
ity, g, and spatially constant effective ionic charge, Zeff ¼ 1:5. This
value of Zeff was chosen such that the volume average of gj computed
by MSTFit matched the experimentally measured toroidal electric
field. The normalized plasma beta, bN 
 baB=Ip½MA�, is well below
the empirical Troyon limit, bN ¼ 2:8%,9 as can be expected in a

plasma without auxiliary heating. The electron energy confinement
time, sE;e, is calculated from MSTFit, constrained by measurements of
Te and the magnetic probe data at depths r=a � 0:69. Measurements
of the ion temperature are not available, but we also show the total
confinement time, sE, based on the assumptions Ti=Te ¼ 1 and
ni=ne ¼ 0:8. The widely used neo-Alcator confinement scaling
sNA ¼ 7� 10	22hneiqðaÞR2a51,52 is shown for reference with a light
blue band indicating the range in density. The measured confinement
decreases at lower q(a) faster than sNA, suggesting a qualitative differ-
ence in confinement physics relative to standard tokamak plasmas
with qðaÞ� 2:5 on which the scaling is based. The small increase in
confinement for qðaÞ � 2 might be due to stabilization of the 2/1
mode by proximity to the conducting wall. Variation of confinement
with density in MST tokamak plasmas has not yet been explored yet
in detail. Confinement may be reduced for q(a)¼ 3 due to proximity
to the Greenwald density limit.10 We suspect that for q(a)< 2, the
confinement is governed largely by MHD activity, as opposed to drift-
wave turbulence which has been implicated in both linear and satu-
rated Ohmic confinement.52

Multiple conclusions can be drawn from these results. First, self-
organization of the toroidal current density profile persists in the range
1 < qðaÞ < 2, holding qð0Þ � 1 across a core region with little or no
magnetic shear which expands outward as q(a) decreases. Second, the
MHD activity changes character from discrete sawtooth crashes to
irregular, quasi-continuous relaxation as q(a) decreases. Finally, con-
finement decreases rapidly as q(a) is lowered from 2 toward 1. The
transition to irregular MHD behavior could be associated with
pressure-driven modes which are unstable in the absence of shear53

FIG. 4. (a) Probe measurements of normalized poloidal field fluctuations at r=a
¼ 0:89, and (b) power spectral density averaged over three coils 0:89 � r=a
� 0:93 and three identical discharges. Values of q(a) for both plots are indicated in
(b). For clarity, vertical offsets of 0.1 and 0.5 are added between waveforms in (a)
and (b), respectively.

FIG. 5. Variation of plasma parameters with q(a), including (a) core-averaged elec-
tron temperature, (b) Ohmic input power, (c) normalized plasma beta, and (d) total
and electron energy confinement time calculated by MSTFit, where assumptions of
ion properties are discussed in the text and the neo-Alcator scaling is shown.51
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and/or interaction of the internal 1/1 kink instability with the conduct-
ing wall. It suggests that the magnetic topology may become largely
stochastic as q(a) decreases below 2, which is consistent with the
observation of broad, flat Te and ne profiles and decreased confine-
ment. Further work is needed to understand why the irregular behav-
ior at low q(a) was not found consistently in the numerical modeling
with NIMROD, including a more comprehensive study of sensitivity
to the initial equilibrium. Future experimental work at higher S will
help clarify the influence of resistive effects on this change in behavior.

These results suggest that operation near or slightly below q(a)¼ 2
could be useful for tokamak fusion devices if the external 2/1 mode can
be stabilized. In this scenario, the modest decrease in confinement
shown here is balanced against the benefits of higher plasma current
and removal of the q¼ 2 surface from the plasma interior. Additionally,
deeper understanding of fluctuations and transport in this regime may
uncover possibilities for optimization and/or improved confinement.
Importantly, this work further demonstrates that current-driven toka-
mak disruptions may be circumvented through the combination of pas-
sive stabilization due to a nearby conducting wall and advanced
feedback power supplies capable of sustaining plasma current in highly
resistive conditions. Finally, this work opens the possibility of studying
steady, long-lived toroidal plasmas in a regime between the RFP and
tokamak which was not possible previously.
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