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ABSTRACT.
We report the identification of a localised current structure inside the JET plasma. It is a field
aligned closed helical ribbon, carrying current in the same direction as the background current
profile (co-current), rotating toroidally with the ion velocity (co-rotating). It appears to be located
at a flat spot in the plasma pressure profile, at the top of the pedestal. The structure appears
spontaneously in low density, high rotation plasmas, and can last up to 1.4s, a time comparable to
a local resistive time. It considerably delays the appearance of the first ELM.
INTRODUCTION
Birkeland first described field-aligned astrophysical plasma current filaments (Birkeland currents)
in 1908 [ 1]. Walén and Alfvén discussed such objects in the 1940’s and 50’s [2,3] and experimental
confirmation was described in the 60’s [4 ]. More recently, it has been shown that confined (closed
field line) field-aligned magnetic vortices are possible stationary solutions of the ideal MHD equations
→
→
[5] when the density profile is flat. In a stationary plasma the relation ∇×B = µ0 j connects a magnetic
vortex to a localised current structure, which may itself move with the bulk plasma: this would be
a rotating current filament.
Experimental observations of short-lived filamentary current structures in magnetically confined
plasmas have been described recently [6,7], and they have been successfully compared to
astrophysical current filaments and drift Alfvén vortices [7].
Here we report on a long-lived localised current structure, observed in magnetically confined
plasmas at the JET tokamak. They are associated with the MHD fluctuations known as Outer Modes
[8, 9, 10] at JET. In this article we identify the Outer Mode (OM) as a confined long-lived rotating
current filament or ribbon. Further, the presence of this localised current structure substantially
alters plasma behaviour: a quasi-stationary state is established in which sudden energy bursts Edge
Localised Modes (ELMs) are suppressed. Usually in the high confinement regime (H-mode) a
region of high gradients of density and temperature is formed, known as the pedestal. The pedestal
is eroded quasi-periodically by the spontaneous occurrence of ELMs. Reliable high confinement
without ELMs would greatly simplify the design of tokamak fusion reactors.
Let us first describe the Outer Mode. A very characteristic signature is shown in the Fast Fourier
Transform (FFT) of the Mirnov signals (magnetic probes measuring the poloidal field time
derivative): its harmonic structure, shown in Fig.1(g) (other plots in that figure will be described
later). Typically the fundamental harmonic frequency of the OM is f ~ 5-10kHz and the toroidal
mode number is n = 1. Every subsequent harmonic has n increased by 1. In the pulse depicted in
Fig.1 the fundamental frequency is f ~ 6kHz and harmonics are seen up to 45kHz (n = 7), but the
mode is sometimes clearly recognisable up to 90kHz (n = 15). This rich harmonic structure hints at
strong localisation of the current source that produces the magnetic fluctuation. It is observed in all
Mirnov probes around the plasma.
The raw magnetic signals contain more information than their spectrum. Plotted in Fig.2 are
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signals from a toroidal array of Mirnov coils, measuring the tangential field at different toroidal
angles around the device. Plotted at the bottom of the same figure is an integrated signal: discrete
blips can be clearly seen, propagating toroidally with f = 6kHz, due to a localised current structure.
This current structure rotates in the same direction as the ions in the plasma and carries excess current
relative to the axisymmetric equilibrium current profile. Since the current feature is long-lived (> 1s),
it must be located inside the magnetic separatrix. Since n = 1 and the fundamental frequency is narrow,
it must be a closed field line, aligned with the magnetic field at a rational surface. To describe the
topology of closed field lines it is convenient to use the safety factor q = m/n, where m is the number
of poloidal turns and n the number of toroidal turns required for the line to close on itself. Plotted in
Fig.3 is a comparison of measured magnetic signals at various locations around the vessel with simulated
signals produced by assuming a field-aligned current ribbon located at the q = 4, 3 and 2 surfaces. The
current in the ribbon necessary to reproduce the measured signal height is quoted in each box. The
scatter in simulated current values is representative of uncertainties in reconstruction of the plasma
equilibrium. Comparison of the shapes and phases of measured and simulated signals shows that the
current structure is best simulated as a current ribbon with excess current of 100-300A (plasma current
is 2.5MA), with toroidal mode number n=1, poloidal mode number m = 4 (q = 4), and toroidal width
of the order 5-10% of the toroidal circumference of the plasma, rotating toroidally at 6kHz. The width
of the ribbon is determined by the fastest observed change in dB/dt. Data in one inboard coil is
substantially better fitted with q = 4, rather than by q = 2. A q = 3 current structure cannot fit the
inboard data. Outboard coils, although more numerous (not shown) provide insufficient information
to select m. A representation of the q = 4 current ribbon that best matches the data is shown in Fig.4.
Characteristic profiles at the onset (t = 14s) of the OM phase are shown in Fig.5. From the
charge-exchange measurements of the toroidal ion rotation frequency and in the usual assumption
that the fluid velocity is dominated by the ion velocity, we can identify the radial position of the
current ribbon as the location where toroidal rotation frequency matches mode frequency. From the
start of the OM it appears that the location of the mode is at the edge of the ion rotation gradient
region, at the flat-top of the density pedestal, inboard of the maximum pressure gradient. Because
the rotational shear is high around 6kHz, the current structure must be well localised in the radial
direction. At the end of the OM the toroidal rotation shear is somewhat eroded and the mode location
shifts outwards by 2cm. Nevertheless, the mode is still located in the toroidal rotation gradient
region, inboard of the density and temperature high gradient regions. After the 1st ELM the pedestal
rotation frequency drops below 4kHz.
The spectra of several fluctuation measurements show multiple harmonics of the OM near the
gradient region. Fluctuations of electron cyclotron emission in the Te gradient region, X-mode
reflectometry and edge channels of Soft X-Rays, all show at least 3 harmonics of the OM. All these
fluctuations measurements are sensitive to the flux surface deformation introduced by the current
structure. The data is compatible with earlier studies [9] that established the non-tearing character
of the OM: a tearing mode would exhibit alternating flat and steep profiles as the magnetic island
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moves past the measuring channels. These are not observed. It is not presently possible to establish
from these fluctuation measurements if the current ribbon is located at the top of the pedestal. It is
the high resolution rotation profile, as shown in Fig.5, that allows us to identify the location of the
current source at the pedestal top.
Let us now consider the conditions necessary for the OM to appear, and its impact on plasma
behaviour. The JET experiments in which these localised current structures were observed were
originally intended to study the stability of plasmas with high temperature pedestals. High temperature
pedestals can be obtained in JET, transiently, by reducing particle fuelling (from external sources and
wall) and operating at initially low density in the hot ion H-mode regime [11]. The transition to Hmode occurs at low plasma density, and after it the pedestal density, rotation and temperatures rise up
until the occurrence of the first natural ELM. Recent examples at JET reach Te,ped = 2.8keV before the
first ELM. Obstacles to reach higher pedestal temperatures are washboard modes [12, 13], the OM
and/or the first large ELM. The plasmas described in this letter had high triangularity (δ = 0.4), 2.5MA
of plasma current, 2.7T toroidal field, and ~15MW of Neutral Beam Injection heating.
Time traces of an especially long OM were shown in Fig.1. The profile quantities are taken at
R = 3.78m, the top of the pedestal, inboard of the pedestal knee, and at the plasma core. The spectrum
(FFT) of a Mirnov coil was already discussed. After the transition to H-mode, marked by the initial
Dα drop at t = 13.2s, the pedestal rises as usual in an H-mode, until the OM begins at the time
t = 13.98s. Then Dα rises, the pedestal Te begins to drop, the toroidal rotation frequency remains
fairly constant. Density continues to rise, albeit slower than before. The H factor (describes normalised
energy confinement, not shown) drops down from a maximum value of H98 = 1.4 to a steady value
of H98 = 1.1 at the outset of the OM. A value of H98 ~ 1 is typical in ELMy H-modes. Impurity
content during the OM is normal compared to a medium density ELMy H-mode, as measured by two
diagnostics: the line-averaged Zeff from visible bremsstrahlung deconvolution is of order 2, and the
charge-exchange based measurement results in Zeff ~ 1.5. The OM survives 2 sawtooth crashes (at
14.23 and 14.87s), indicating that it is a robust feature of the plasma. There is a brief quiet interval
between the end of the OM at 15.375s and the ELM at 15.430s. In this particular pulse the OM does
not return after the first ELM. In other pulses OMs sometimes return with ever decreasing duration
some hundreds of ms after the first few ELMs, and are typically terminated by ELMs.
Comparison with similar pulses allows us to establish that the ELM-free period is prolonged by
the presence of the OM [14]. The OM often appears when recycling and gas fuelling are particularly
low, and it can be reduced or eliminated by increased fuelling. For example, a recent pulse with the
same conditions as in Fig.1 but with more fuelling (1.9×1021 electron/s instead of 1.5×1021 e/s) had
no long-lived OMs and the first ELM occurred 1 s sooner, at 14.4s.
Note that the resistive current diffusion time for a 1cm wide current ribbon at the pedestal top is
of order 0.8s, and in the example shown in Fig.1 the OM lasts almost 1.4s. A mechanism is necessary
for the mode to survive against resistive decay.
The power outflux to the outer divertor target was measured with a fast Infra-Red (IR) camera,
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viewing a narrow toroidal strip across the inner and outer target. In the pulse shown in Fig.1 the
time averaged heat flux during the OM is very similar in peak value and radial distribution to the
ELM-averaged heat flux, albeit after ELMs there are large strike point position shifts [15]. But the
frame rate was 11kHz, too slow to detect the 6kHz bursts.
For a pulse with a transient OM (JET Pulse No:77078, OM from 14.28 to 14.355s), the camera
frame rate was especially set to 1/38µs (26kHz), with an integration time of 27µs, viewing only the
outboard target. In this pulse soon after the mode onset the total power to the target increases,
consistently with the loss of core confinement at that time. More interestingly, periodic bursts of
heat arrive away from the maximum deposition location, as shown in Fig.6. Both, overall transport
across the pedestal and a time-localised (presumably toroidally localised) “hose-pipe” contribute
to the increased outer target heat flux during the OM, relative to the previous high confinement
phase. The heat deposition, as observed both in this pulse and in the steady OM case, is consistent
with the effect of a rotating current structure at the top of the pedestal: it can break toroidal symmetry
and produce partial ergodisation of field lines further out in the pedestal gradient region, increasing
overall particle and heat flux. Additionally, at a specific toroidal location in the gradient region
(away from the current structure) a particular flux tube can escape through the broken separatrix (a
homoclinic tangle, as described in [16]) and lead to the toroidally localised heat flux away from the
main strike position shown in Fig.6.
A long-lived vortex solution of ideal MHD is a non-linear effect driven by j×B and it is unlikely
to be picked up with linear MHD simulation: it is not necessarily a linear instability. Nevertheless,
study of the MHD stability of these plasmas is underway. We speculate that either the high Te,ped
(ideal MHD) and/or the high rotation velocities present in the plasma before the mode onset leads
to the circumstances necessary for localised current structures (MHD vortices) to form and survive.
In [5] it is shown that localised solutions of the ideal MHD equations are described in term of the
generalised velocities
→

→

→

w= v±

Β
µ0 mi ni

A condition for existence of a stationary magnetic vortex is that the growth of the generalised
vorticity be zero. Based on [5] we suggest that such condition would be equivalent to the following
relationship between toroidal velocity of plasma, background poloidal field and ion mass density:
→

→

→

2

→

→

w⊥ . ∇w⊥ = 0, with w⊥ = vtor ±

Βpol
.
µ0 mi ni

⊥

Here ⊥ implies perpendicular to the background magnetic field. This condition can produce both
cyclonic and anti-cyclonic vortices (same sign or opposite sign of vorticity compared to background),
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possibly related to co and counter plasma rotation relative to plasma current direction. Another
possible explanation of a localised rotating current structure is the bifurcation of the equilibrium
field to a combined field produced by the background plasma plus a rotating helical perturbation,
as sketched in [17]. More experiments are needed to test these theoretical predictions.
Interestingly, this plasma state as observed at JET during a long-lived OM is very reminiscent of
the Quiescent H-mode [18, 19, 20], so named because it combines high confinement properties
with the absence of ELMs. The localised current structure identified as the OM in JET may be
related to the Edge Harmonic Oscillation (EHO) observed in quiescent H-modes of DIII-D and
AUG. We suggest that a quasi-steady H-mode as induced by the OM in JET is a potentially useful
operating regime, provided the basic physics governing the localised current structures can be
sufficiently understood to warrant extrapolation to future fusion devices.
SUMMARY
A spontaneously formed localised current structure has been observed in a JET tokamak plasma. It
has been identified as a rotating helical ribbon located at the pedestal top. The current ribbon is long
lived and has important effects on plasma behaviour: it increases transport across the high gradient
region of the plasma pedestal and delays the appearance of ELMs. Theory-based predictions of
localised structures in ideal MHD can be used to guide further research.
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Figure 1: time traces showing a long-lived Outer Mode,
starting from 14s to 15.38s, and its effect on plasma
behaviour: a) rise in Dα ; b) rise in power to outer target;
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g) FFT of magnetic signal.
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Figure 2: Mirnov coil signals from toroidal coil array
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integrated signal from the coil at 3º.
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