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High resolution Thomson scattering measurements with sub-centimetre radial resolution have
been made during a sawtooth crash in a fusion plasma in MAST. As magnetic reconnection occurs,
a growing magnetic island induces an increase in the temperature gradient at the island boundary
layer, before a very rapid collapse of the core temperature. The increase in the local temperature
gradient is sufficient to make the plasma core unstable to ideal magnetohydrodynamic instabilities,
thought to be responsible for the rapidity of the collapse.
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Magnetic reconnection is the phenomenon of the break-
ing and rejoining of magnetic field lines in a plasma. Ex-
amples of this process are solar flares in astrophysical
plasmas [1, 2] and the sawtooth instability in tokamak
plasmas [3, 4]. Whilst the sawtooth instability was first
observed in 1974 [5], the process by which this periodic
collapse of the core plasma temperature occurs is still
only partially understood. Detailed diagnosis of the saw-
tooth crash has shown that the temperature profile is ini-
tially essentially axisymmetric, but is then deformed by
a helical instability before a very rapid temperature col-
lapse re-establishes an axisymmetric profile with a lower
value at the magnetic axis [6, 7].

Tokamak plasmas are susceptible to sawtooth oscilla-
tions when the safety factor, q = rBφ/RBθ is less than
unity [8], where r,R are the minor and major radii and
Bφ, Bθ are the toroidal and poloidal magnetic fields. The
helical perturbation which arises during the crash has an
m = n = 1 structure, where m,n are the poloidal and
toroidal periodicity of the wave. The first explanation
of the periodic temperature collapses was proposed by
Kadomtsev [3], who showed that in the nonlinear regime
of the m = 1 mode, reconnection occurs at the separa-
trix on the characteristic Sweet-Parker timescale [1, 2]
τK =

√
τRτA = τA

√
S, where τA = a

√
4πρB−1

θ is the
poloidal Alfvén time, τR = 4πa2/ηc2 is the resistive dif-
fusion time, ρ is the mass density, η is the plasma re-
sistivity and S = τR/τA is the Lundquist number. This
timescale is up to two orders of magnitude too large to
explain crash times in large modern-day tokamaks, where
τcrash ∼ 20− 100µs, whereas τK = 2− 10ms.

The three principal observations which any theory
must explain are (i) the rapidity of the temperature col-
lapse, (ii) the sudden onset of the collapse and (iii) the
incomplete relaxation of the current profile whereby q re-
mains below unity whilst the temperature profile relaxes
completely. The onset of the crash represents a theoret-
ical challenge, since the incremental change in the safety
factor which governs the stability of the m = n = 1 mode
is unacceptably small to explain the rapid onset. Many

alternative crash models have since been proposed, in-
cluding resistive two-fluid MHD [9], collisionless kinetic
effects [10, 11], accelerated complete reconnection due
to nonlinear collisionless effects [12], magnetic stochasti-
zation leading to enhanced perpendicular transport [13]
and triggering of secondary instabilities [14–16]. Each
of these models has had proponents and experimental
support. The collisionless reconnection model mediated
by the electron pressure gradient [17] provides a satis-
factory explanation of the crash rapidity and the sud-
den onset, but fails to explain the partial reconnection.
Similarly, the precipitous drop in the pressure gradient
that occurs due to rapid electron heat transport remov-
ing the drive for the initial helical perturbation may ex-
plain (iii), but not the rapid transition from mode growth
to the sudden crash. However, the triggering of a sec-
ondary instability [14–16] by the strong pressure gradi-
ent arising from the reconnection process, can provide a
simultaneous explanation of these phenomena. Recent
advances in imaging electron temperature fluctuations
with high temporal and spatial resolution [18] suggest
that the global stochasticity of the magnetic field [13] is
not the dominant crash mechanism since the heat trans-
port exhibits well organised, collective behaviour. Whilst
previous experimental data has given great insight into
the phenomenology of the crash [7, 18, 19], it had in-
sufficient radial resolution to provide either validation or
vitiation of the concept of triggering of secondary insta-
bilities [8, 15, 16], and theoretical or numerical compari-
son has been stifled by this.

The recently upgraded infrared Thomson Scattering
(TS) system on MAST [20], with radial resolution <
10mm and the possibility of temporal resolution of 1µs,
has allowed detailed analysis of the electron density and
temperature profiles during a sawtooth crash. The sys-
tem is designed to measure at high spatial resolution and
achieve low systematic and random errors, allowing ob-
servation of changes in the gradients over narrow regions
associated with magnetic islands. Figure 1 shows the
electron temperature (Te) profiles measured by the TS at
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FIG. 1: (a)-(h) show the evolution of the electron temperature profile at every 20µs across a sawtooth crash measured by the
Thomson scattering in MAST discharge 24479. Also shown is the n =odd magnetic signals measured by the Mirnov coils on
the outboard midplane.

eight time slices, 20µs apart in MAST shot 24479, from
the onset of growth of the m = n = 1 island until after
the sawtooth crash. In this shot, a localised flattening
of Te occurs as an n = m = 1 magnetic island devel-
ops. Initially the flat-spots are visible on both sides of
the magnetic axis in regions where the toroidal magnetic
field is strong and weak (eg figure 1(c)) as the diagnos-
tic line-of-sight passes through two parts of the island
crescent. Later, the temperature is flattened primarily
on the high field side (figure 1(f)) as the island rotates
and the TS views through the island O-point. The crash
phase occurs between figures 1(f) and 1(g), in less than
20µs. Such local flattening in microsecond timescales was
also observed using ECE measurements with 1-2cm ra-
dial resolution on DIII-D [21].

In contrast to Te, the electron density (ne) profile re-
mains constant during this time, as seen in figure 2. The
reason for this is likely to be the relative parallel ve-
locities of the ions and electrons. The electrons have

large parallel velocity and so can transport the heat eas-
ily,whereas the heavier ions cannot transport the heat on
the timescale of microseconds, and so the electron den-
sity cannot change or quasi-neutrality would be broken
and tend to establish electric fields to restore neutral-
ity. Constant density suggests that full reconnection does
not occur, supported by the observation that the safety
factor (derived from equilibrium reconstruction with the
EFIT code constrained by TS measurements together
with magnetic field pitch angle measurements from the
motional stark effect diagnostic) remains below unity di-
rectly after the sawtooth crash [22].

Both the growth of the magnetic island width and the
eventual crash in the temperature profile occur on very
rapid timescales, ∼100µs and ≤20µs respectively. The
growth of the island is much quicker than the resistive dif-
fusion time, τr ∼ 180ms, and the crash occurs on a much
faster timescale than expected from reconnection theory
[1, 2], τK ∼ 340µs. This rapid evolution of the mag-
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FIG. 2: The electron density profile during MAST shot 24479
remains effectively unaltered whilst on the same timescale fig-
ure 1 shows that the electron temperature changes signifi-
cantly.

netic island induces a significant increase in the electron
temperature gradient at the island boundary layer, which
is consistent with the physical antecedent necessary for
triggering a secondary pressure-driven instability [14–16].
The interaction of the electron cross-field thermal con-
duction and the reconnection of the magnetic field lines
associated with the m = n = 1 island can increase both
the local pressure gradient at the boundary layer adja-
cent to the reconnecting layer and the poloidal beta of
the core (βp = (2µ0R

2/r4
1B

2
φ)

∫ r1

0
drr2dp/dr), which in

turn can drive ideal MHD modes on Alfvénic timescales,
τA ∼ 0.7µs.. The width of this boundary layer is de-
termined by the ratio of the electron cross-field thermal
diffusivity and the speed at which the reconnection pro-
gresses [16]. This provides a mechanism whereby the
change in the pressure gradient resultant from the pres-
ence of the magnetic island causes the internal disruption,
rather than the incremental change in the current density
profile. Figure 3 shows the evolution of both the width
of the island on low- and high-field sides of the magnetic
axis, as well as the flux-surface averaged gradient of the
electron temperature at the inner island boundary layer
as measured by the TS. As the magnetic island width
grows, the electron temperature gradient at the bound-
ary layer also increases.

The increase in the local pressure gradient in regions of
adverse average curvature drives both ballooning modes
[14] and interchange MHD instabilities [15]. The drive
from the pressure gradient competes with the stabilising
effect of the magnetic shear, s = r/qdq/dr and shaping
effects [23]. An average stabilising magnetic well exists
in shaped tokamak plasmas due to the curvature of the
system, except in the region where q < 1 where the aver-
age curvature is destabilising. In these MAST plasmas,
not only does the pressure gradient increase as the island
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FIG. 3: The Thomson Scattering measurement of the width
of the magnetic island on the low- and high-field sides of the
magnetic axis together with the electron temperature gradient
at the internal boundary layer as the n = m = 1 island evolves
for MAST discharge 24479.

grows, but the radial location of the increased tempera-
ture gradient moves towards the magnetic axis (as seen
in figure 1), ie towards a region of lower magnetic shear.
It should be noted that the increase in the pressure gra-
dient will not give rise to increased diamagnetic or ki-
netic stabilisation of the interchange mode, since such
effects scale with the ion or fast ion pressure gradients
respectively, but only the electron temperature changes
on these very fast timescales. The ideal Mercier criterion
[24] has been calculated for an equilibrium with the tem-
perature profiles for each of the time-slices illustrated in
figure 1. The q-profile is obtained from EFIT reconstruc-
tion constrained by MSE measurements made shortly be-
fore the crash and the pressure gradient is obtained from
polynomial fitting of the pressure profile measured by the
TS. During the island evolution it is assumed that the
plasma core is incompressible, so the enclosed flux in the
area of the hot core is the same as it was before the kink
perturbation, allowing the safety factor at the bound-
ary layer to be inferred from the pre-island equilibrium.
The plasma core shape is taken both from the original
equilibrium (labelled ‘low δ’) and from the (1,1) pertur-
bation produced by axisymmetric linear stability analysis
(‘moderate δ’). An axisymmetric analysis finds balloon-
ing (figure 4) and ideal Mercier instability (figure 5) by
t = 333.41ms. The fact that the Mercier index is well
above 0.5 suggests that the mode will grow on Alfvénic
timescales [25]. Such explosive growth is required to ex-
plain the onset of the crash in τcrash ≤ 20µs, which is at
least an order of magnitude quicker than resistive insta-
bility growth or fast magnetic reconnection. Such ideal
pressure driven instabilities then cause the strong pres-
sure gradient to propagate towards the axis (since DI < 0
outside q = 1) causing the very rapid collapse of Te [15].

A more accurate non-axisymmetric stability analysis
of the kinked equilibrium has been undertaken using the
Vmec 3d equilibrium code [26] and the Terpsichore
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FIG. 4: The infinite-n ballooning mode growth rate of MAST
discharge 24479 as a function of q for both 2d and 3d treat-
ment of the plasma core at t = 333.41ms. Since the 3d treat-
ment allows for the piling of flux surfaces on the low field
side due to the perturbation, ballooning modes become more
stable in the core, but are more unstable at the boundary
layer.

3d linear stability code [27]. When the helical 1/1 per-
turbation is included, the plasma core becomes stable to
ballooning modes except near the boundary layer where
instability is exacerbated since the 3d deformation tends
to squeeze the pressure gradient outwards. Conversely,
in the shaped MAST plasmas, the helical treatment pre-
dicts improved Mercier stability, suggesting that balloon-
ing modes represent a stronger candidate to expedite the
crash shown in figure 1. Whilst the localised pressure
bulges seen experimentally [18] are consistent with bal-
looning modes, they were sometimes observed to be lo-
calised in a region of good curvature, which violates bal-
looning theory. An explanation could be that the circular
plasmas in [18] increased Mercier instability such that in-
terchange modes mediated the rapid crash in this case,
whereas ballooning modes mediate these shaped MAST
plasmas. Of course, the increased temperature gradient
can also give rise to enhanced microtearing instability
which would also enhance the heat transport. Nonlin-
ear modelling of mesoscale transport and MHD stabil-
ity of these MAST plasmas and the interaction of the
m = n = 1 island with microtearing and macroscopic
pressure-driven modes is underway and will be reported
in the future.

Finally, it is also possible to estimate the thermal dif-
fusivity of the plasma at the boundary layer from the
reconnection speed and the island width. Reference [16]
gives that the temperature gradient in the boundary layer
for an initial profile of the form T = T0(1 − r/r1) is
dT/dr′|r′=r1−w ≈ (T0/r1)/[(r + δ)/δ] where r1 is the mi-
nor radius of the q = 1 surface, δ = χe⊥/Vr is the thick-
ness of the boundary layer, χ⊥e is the electron cross-field
thermal diffusivity, Vr is the speed of the reconnection
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24479 as a function of q for both 2d and 3d treatment of
the plasma core at t = 333.41ms. Axisymmetric analysis
predicts interchange instability for low shaping and marginal

stability at the strongest T
′
e for moderate shaping whereas

helical analysis predicts stability everywhere.

and w = Vrt is the incremental width of the island after
reconnection begins. By considering the electron temper-
ature gradient illustrated in figure 3, the electron diffu-
sivity is estimated as χe = 10−40m2s−1 which compares
favourably with the coefficients estimated by matching
the neutron rate from the experiment in transport simu-
lations or from gyrokinetic simulations [28].

Temperature profile measurements with unparalleled
spatial resolution have shed new light on the mechanisms
that underlie the sawtooth crash in tokamak plasmas. An
m = n = 1 magnetic island grows very rapidly leading
to a strong increase in the electron temperature gradient
outside the island separatrix. The island width grows
and the region of increasing gradient moves into regions
of lower magnetic shear, before the sawtooth crash oc-
curs in less than 20µs. The sawtooth does not invoke a
full magnetic reconnection and the safety factor stays be-
low unity throughout the cycle. The non-axisymmetric
plasma in the presence of a growing magnetic island is
found to be unstable to interchange or ballooning modes,
which are postulated to result in the rapid crash follow-
ing instability growth on Alfvénic timescales. This sup-
ports the hypothesis that the sawtooth occurs due to
a pressure-driven magnetohydrodynamic instability trig-
gered by an increase in the electron temperature gradient
arising from magnetic reconnection.
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