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Analysis of the change in the magnetic field pitch angles during edge localized mode events in high

performance, stationary plasmas on the DIII-D tokamak shows rapid (<1 ms) broadening of the current

density profile, but only when a m=n ¼ 3=2 tearing mode is present. This observation of poloidal

magnetic-flux pumping explains an important feature of this scenario, which is the anomalous broadening

of the current density profile that beneficially maintains the safety factor above unity and forestalls the

sawtooth instability.
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The anomalous transport of magnetic flux is a process
widespread in both laboratory and astrophysical plasmas.
The mechanisms include magnetic reconnection [1], self-
generation of magnetic fields (dynamo effect) [2], and
convective pumping of magnetic flux [3]. This suite of
physics can be referred to under the general heading of
‘‘magnetic-flux pumping.’’ In this Letter, a sensitive and
localized diagnostic of the internal magnetic structure of
tokamaks is used to determine the role of magnetic-flux
pumping in high performance, stationary plasmas with
tearing modes that are an attractive operating scenario for
burning plasma experiments. The performance character-
istics of these plasmas are intermediate between the stan-
dard, high current, high confinement (H-mode) scenario
[4] and the steady-state advanced tokamak scenario [5];
hence, this is referred to as the ‘‘hybrid’’ scenario. An
important feature of the hybrid scenario is that the plasma
current profile is broader than expected for resistive diffu-
sion, which stabilizes the sawtooth instability [6,7] by
elevating the safety factor (q) everywhere above unity.
(The safety factor is defined as the spatial rate of change
of toroidal magnetic flux with poloidal magnetic flux.) This
eliminates a trigger for the deleterious m=n ¼ 2=1 neo-
classical tearing mode (NTM) and allows hybrid scenario
plasmas to operate at high �. Here � is the ratio of the
plasma kinetic pressure to the magnetic field pressure, and
NTMs are magnetic islands with poloidal mode number m
and toroidal mode number n that grow owing to a helical
deficit in the bootstrap current that is resonant with the
spatial structure of the local magnetic field at q ¼ m=n [8].

Several realizations of the hybrid scenario have been
reported from the ASDEX-U [9], JET [10], and JT-60U
[11] tokamaks, as well as from the DIII-D [12,13] tokamak
which is the subject of this Letter. A key previous experi-
ment in hybrid plasmas on DIII-D demonstrated that when
the m=n ¼ 3=2 NTM does not form or is suppressed by
electron cyclotron current drive, the central safety factor
decreases below unity and the discharge begins to sawtooth
[14]. In addition, anomalous broadening of the plasma

current profile is not evident when the minimum in the
safety factor (qmin) is greater than�1:05. In this Letter, we
show for the first time that coupling between two MHD
instabilities, the continuous m=n ¼ 3=2 NTM and the
periodic edge localized mode (ELM), results in a cyclic
broadening of the current density profile in hybrid dis-
charges due to magnetic-flux pumping. Direct evidence
for this comes from motional Stark effect (MSE) polar-
imetry [15,16], which measures the profile of the magnetic
field pitch angles near the median plane of the plasma with
a radial resolution of 0.015–0.05 m.
The cyclic modification of the m=n ¼ 3=2 island size

and plasma current density during ELMs is shown in Fig. 1
for a hybrid plasma on DIII-D with q95 ¼ 4:35 (referring to
the 95% normalized poloidal flux surface) and � ¼ 2:8%.
Typical parameters for DIII-D are major radius R ¼ 1:7 m,
minor radius a ¼ 0:6 m, toroidal magnetic field BT ¼
1:7 T, and plasma current Ip ¼ 1:2 MA. ELMs are short,

repetitive perturbations in the plasma edge that are gener-
ally observed in H-mode discharges; the limiting instabil-
ity has been successfully modeled as a peeling-ballooning
mode of intermediate toroidal mode number (3< n< 30)
[17,18]. This perturbation is easily identified by the spike
in the Balmer-alpha light from the plasma edge. Figure 1
shows that the m=n ¼ 3=2 island width is modulated by
the ELMs, with the width decreasing by up to 40% in
<1 ms, then typically recovering in 5–10 ms [19]. The
coupling between the ELM and NTM is confirmed by a
steepening of the electron temperature (Te) gradient at the
island location, as seen in Fig. 2. This figure plots the
change in the electron temperature (�Te) using 5 ms aver-
aging preceding and following the ELM event as a function
of the normalized toroidal flux coordinate (�). The ELM
causes a localized increase inrTe centered on the q ¼ 3=2
surface; the apparent decrease in Te of 20–40 eV is a result
of the vertical (not radial) shift of the plasma by � 0:03 m
at the ELM time from equilibrium reconstructions.
Figure 2 also shows the measured modulation of the elec-
tron cyclotron emission (ECE) signals ( ~Te) at the island
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rotation frequency (�20 kHz), which is proportional to the
radial displacement of the q ¼ 3=2 surface. The measured
phase of the ECE fluctuation is observed to shift by�180�
around � ¼ 0:41, which is identified as the island O-point

location. The ~Te profile is complicated by the presence of
ðm� 1Þ=n sidebands to the m=n ¼ 3=2 mode that are
resonant with the q ¼ 1 and q ¼ 2 surfaces.
Figure 1 shows that during the ELM event, the vertical

magnetic field strength (Bz), measured by midplane MSE
polarimetry, increases in magnitude (becomes more nega-
tive) at them=n ¼ 3=2 island location. The change in Bz is
rapid, occurring in <1 ms, which is near the maximum
time resolution available with the standard MSE setup on
DIII-D (2 kHz digitization rate). Figure 1 also shows that
the (axisymmetric) flux-surface-average parallel current
density (hJki), determined directly from the MSE signals

without equilibrium reconstruction using Ampère’s law
[20], also increases rapidly (<1 ms) at the m=n ¼ 3=2
island location during the ELM. Between ELMs, Bz and
hJki relax to their pre-ELM values as the poloidal magnetic

flux diffuses on the resistive time scale (tens of ms), which
is given by �� � �0�

2=�, where � is a characteristic

scale length in the plasma and � is the plasma electrical
resistivity. No change in the Bz or hJki profiles near the q ¼
3=2 surface is expected during ELMs as a result of the
change in Te profile shown in Fig. 2 (except for a possible
change in the bootstrap current).
The rapid changes in the MSE signals during an ELM

are due to a broadening of the current density profile and an
increase in the central safety factor, as shown in Fig. 3. For
this hybrid plasma with q95 ¼ 4:4 and � ¼ 3:1%, the
profile changes are determined by subtracting the mean
value during the 5 ms before the ELM from the mean value
during the 5 ms after the ELM. Figure 3 shows that the
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FIG. 2. Radial profiles of the change in electron temperature
during an ELM (�Te), averaged over 112 ELMs, and the
amplitude of the electron temperature fluctuation at the rotation
frequency of the m=n ¼ 3=2 NTM ( ~Te). The sign of ~Te indicates
whether the fluctuations are in phase or out of phase with a
magnetic probe.
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FIG. 3. Radial profiles of the change during an ELM of (a) ver-
tical magnetic field strength measured by MSE, (b) safety factor,
(c) externally driven current density, and (d) bootstrap current
density. The MSE signals are averaged over 39 ELMs.
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FIG. 1. Time histories relative to ELM event (t ¼ 0) of
(a) Balmer-alpha light from divertor, (b) width of m=n ¼ 3=2
island, (c) vertical magnetic field strength inside island measured
by MSE, and (d) flux-surface-average parallel current density
inside island. The signals are averaged over 112 ELMs.
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measured Bz profile changes relatively little for radii
smaller than the m=n ¼ 3=2 NTM location (which is at
� ¼ 0:4), but for larger radii the magnitude of Bz increases
(becomes more negative) after the ELM. This change in the
Bz profile cannot be explained by movement of the plasma
flux surfaces; the major radius of the plasma axis shifts by
� 0:001 m during the ELM, and the MSE midplane mea-
surements are not sensitive to small vertical shifts of the
plasma. The changes in the safety factor and current den-
sity profiles can be determined from a direct analysis of the
MSE signals without equilibrium reconstruction (although
a few basic geometric parameters need to be known) [20].
As seen in Fig. 3, the q value decreases outside of the q ¼
3=2 surface during the ELM, whereas q increases by
�0:02 near the axis [right on axis the slightly reversed q
profile flattens, which explains the negative �qð0Þ]. The
broadening of the hJki profile during the ELM is examined

in Fig. 3 by plotting separately the bootstrap current com-
ponent (hJBSi) and the external current drive component
(hJCDi ¼ hJki � hJBSi). The direct analysis of the MSE

signals shows that a small amount of externally driven
current (�2 kA) is displaced from inside to outside the
q ¼ 3=2 surface during the ELM. The bootstrap current
density is observed to increase at the m=n ¼ 3=2 NTM
location following the ELM, which is consistent with the
measured increase in the temperature gradient (Fig. 2).

Although the change in the safety factor profile during
an ELM is not large, the ELM frequency is high enough to
keep the q profile elevated above unity and forestall the
occurrence of sawteeth. Simulations of the poloidal
magnetic-flux evolution for the hybrid plasma in Fig. 3
show that the time scale for qmin to evolve by 0.02 is �
55 ms, which is a little longer than the measured ELM
period of �40 ms. Therefore, the ELM cycle is rapid
enough compared to the magnetic diffusion time scale to
maintain a current density profile constantly broader than
the fully relaxed state. Another issue is the fast change
(<1 ms) in the current density seen in Fig. 1, which occurs
too rapidly to be a diffusive process and connotes an
Alfvén time scale. While we offer no conjecture as to
how the coupling between the ELM and m=n ¼ 3=2
NTM can broaden the current density profile, we note
that the rapid redistribution of current to larger radii during
ELMs resembles the sawtooth instability whereby current
in the core of the plasma is periodically redistributed
during the sawtooth crash [21,22]. The sawtooth oscillation
is unstable to the m=n ¼ 1=1 internal kink and the current
redistribution occurs around the q ¼ 1 surface, whereas
hybrid plasmas have an unstablem=n ¼ 3=2 NTM and the
current redistribution occurs around the q ¼ 3=2 surface.
The net effect of these cyclic mechanisms is to transport (or
pump) poloidal magnetic flux across magnetic field lines,
resulting in the poloidal magnetic-flux profile maintaining
a constant shape against diffusion (when averaged over
many cycles), which is a necessary condition for the cur-
rent density profile to be stationary on long time scales. A

notable difference between these phenomena is that, for the
sawtooth instability, the m=n ¼ 1 island grows during the
current redistribution, whereas here the m=n ¼ 3=2 island
shrinks.
The cyclic broadening of the current density profile

during ELMs is only observed when a m=n ¼ 3=2 NTM
is present in the hybrid plasma. Figure 4 shows a compari-
son of the poloidal magnetic-flux pumping between a
hybrid plasma (q95 ¼ 4:35 and � ¼ 2:95%) with am=n ¼
3=2 NTM and a similar plasma (q95 ¼ 4:7 and � ¼
2:95%) with a m=n ¼ 5=3 NTM. The sawtooth instability
is observed in the m=n ¼ 5=3 NTM discharge but not in
the m=n ¼ 3=2 discharge, which is consistent with mea-
surements of qmin ¼ 0:99 for the former case and qmin ¼
1:02 for the latter case. The measured change in the MSE
signals for them=n ¼ 5=3NTM plasma in Fig. 4 shows no
discernible broadening of the current density profile during
the ELM event. A similar negative result is obtained for
discharges with a m=n ¼ 4=3 NTM. An explanation for
the different sawtooth suppression behavior between the
m=n ¼ 3=2 andm=n ¼ 5=3 NTMs may be that the former
possesses a ðm� 1Þ=n sideband that is resonant with q ¼
1 while the latter does not (note that the amplitude of the
m=n ¼ 2=2 sideband increases rapidly as qmin approaches
1) [23]. Although them=n ¼ 4=3NTM also has a sideband
resonant with q ¼ 1, measurements of the electron tem-
perature profile find no evidence that ELMs couple to the
q ¼ 4=3 surface. Rather, the localized increase in rTe

following an ELM is either centered on the q ¼ 5=3 island
(similar to Fig. 2 but at larger radii) or is not present at all.
Additionally, it is possible that the q ¼ 2 surface, resonant
with a ðmþ 1Þ=n sideband of the m=n ¼ 3=2 (or 5=3)
NTM, may be playing a role in the linkage between the
edge and core plasmas during ELMs, although there is no
direct experimental confirmation of this.
Finally, the strength of the poloidal magnetic-flux pump-

ing in hybrid plasmas with a m=n ¼ 3=2 NTM appears to
increase with �. This is shown in Fig. 5, where the change
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FIG. 4. Radial profiles of the change during an ELM of
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Solid lines are for a hybrid plasma with a m=n ¼ 3=2 NTM
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NTM. The data are averaged over � 20 ELMs.
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in the q and hJCDi profiles are compared between hybrid
discharges with � ¼ 2:25% and � ¼ 2:95%. The lower �
plasma has an� 0:05 lower value of qmin than the higher�
plasma, consistent with only the lower � case having
sawteeth. Figure 5 shows that, for the lower � discharge,
the changes in the q and hJCDi profiles during ELMs are
smaller compared to the higher � discharge. This behavior
may be due to the increase in the radial depth of the ELM
with higher � which, combined with the relatively low-n
peeling-ballooning modes found in low density plasmas,
increases the linkage between edge and core MHD [18].

Previous publications have suggested other possible
roles for the m=n ¼ 3=2 NTM in maintaining qmin above
unity in hybrid plasmas. For example, it has been theorized
that counter current drive near the axis may be induced by
them=n ¼ 2=2 component of the NTM that develops when
qmin approaches 1 [23]. Another suggestion is that the
NTM may cause radial transport of fast ions (independent
of ELMs), which can broaden the neutral beam current
drive profile [23]. While these other mechanisms are not
ruled out by the MSE measurements of poloidal magnetic-
flux pumping during ELMs discussed in this Letter, our
present mechanism appears to be sufficient to explain why
the safety factor remains above unity in hybrid plasmas.

In conclusion, rapid broadening of the current density
profile during the ELM modification of the m=n ¼ 3=2
NTM in hybrid plasmas has been measured on the DIII-D
tokamak using direct analysis of the MSE signals without
equilibrium reconstruction. The measured safety factor
profile increases inside of the q ¼ 3=2 surface and de-
creases outside of it during the ELM. The resulting poloi-
dal magnetic-flux pumping is large enough, and the ELM
frequency is high enough, to maintain the safety factor
profile slightly above unity and forestall the occurrence of
sawteeth (for q95 > 4). The coupling between the ELM and
the NTM is confirmed by the measured increase in the

electron temperature gradient near the resonance q surface
following the ELM event. A discernible broadening of the
current density profile during ELMs occurs only in the
presence of the m=n ¼ 3=2 NTM, and appears to increase
with �. The rapid (<1 ms) broadening of the current
density profile during ELMs connotes an Alfvén time scale
and appears to be similar to the redistribution of current
during a sawtooth crash (although around a different reso-
nant q surface). The significance of the m=n ¼ 3=2 mode
may be that this NTM possesses a sideband that is resonant
with q ¼ 1, whereas the m=n ¼ 5=3 NTM, which also
shows strong coupling to ELMs, does not. Future experi-
ments will attempt to verify the role of ELMs in maintain-
ing the broad current density profile in hybrid plasmas by
changing the neutral beam injection angle or applying
resonant magnetic perturbations to suppress the ELMs.
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FIG. 5. Radial profiles of the change during an ELM of
(a) safety factor and (b) externally driven current density for
hybrid plasmas with a m=n ¼ 3=2 NTM. Solid lines are for a
discharge with � ¼ 2:95% and q95 ¼ 4:65 while dashed lines
are for a discharge with � ¼ 2:2% and q95 ¼ 4:4. The data are
averaged over � 15 ELMs.
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