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36 Abstract.

37 In this work the onset of tearing modes in the termination phase of plasma pulses
gg on JET is investigated. It is shown that the broadening or the shrinking of the current
40 density profile, as a consequence of a core hollowing or a edge cooling of the electron
41 temperature profile, strongly increases the probability of destabilizing a 2/1 tearing
42 mode also in absence of an external trigger (e.g. a sawtooth crash). Two parameters
43 are defined to highlight changes in the shape of the temperature profile that can lead
44 to MHD instabilities and an empirical stability diagram is introduced into the space
45 of the two new parameters. A large data-set of pulses carried out in the high-current
46 scenario at JET with ITER-like wall is analyzed and criteria for the development of
47 disruption alerts based on the two risk indicators for MHD instabilities are discussed,
48 taking into account the different dynamics of the observed phenomena leading to the
‘513 onset of 2/1 tearing modes.
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1. Introduction

The capability to terminate plasma pulses safely is an important goal towards the
optimization of an operating scenario in a tokamak. The occurrence of a disruption,
namely a fast loss of plasma confinement followed by a quench of the plasma current,
poses serious problems in tokamak devices. For the scenario development they limit
the range of accessible plasma parameters, while from the operational point of view the
release of a large amount of energy in a short time interval could result in large thermal
and electromagnetic loads on the vacuum vessel and plasma facing components. For
these reasons, it is of great importance to study the physical phenomena involved in
the disruptions and to develop disruption precursors for avoidance or mitigation actions
(1, 2, 3, 4, 5]. Among the possible causes of disruptions, the development of tearing
modes [6] inside the plasma is undoubtedly one of the most worthy of attention, due
to the deleterious effects of growing magnetic islands on the flux surface structure. In
particular, the termination phase, characterized by the reduction of auxiliary heating,
often presents m/n = 2/1 tearing modes (m and n are the poloidal and toroidal mode
numbers, respectively) [7], leading in most cases to disruption [8, 9]. It is worth noting
that an increased radiation emission in core or edge plasma, leading to temperature
hollowing and edge cooling, respectively, is usually observed before the onset of tearing
modes in plasma termination. Tomographic reconstructions of the plasma radiation
profile and electron temperature profiles from ECE radiometry are reported in Figure 1
for two pulses characterized by an increased radiation emission in core (JPN 96996, top)
and edge (JPN 92211, bottom) plasma, respectively. Qualitatively, both temperature
hollowing and edge cooling can destabilize a 2/1 tearing mode as a consequence of an
increase of the current density gradient near the mode resonant surface. In the first case,
the hollowing of the temperature profile could lead to a broadening of the current density
profile, which would result flat or marginally hollow near the magnetic axis, but with
higher gradient near the mode resonant surface, so the cause of the instability would be
the broadening of the current density profile from inside [7, 10]. In the second case, the
contraction of the temperature profile leads to a shrinking of the current density profile,
so the cause of the instability would be essentially the erosion of the current density
profile from outside [11].

In the present work the effect of changes in the shape of the electron temperature
profile on mode onset is analyzed for the termination phase of high-current plasma
pulses performed at JET with ITER-like wall. In section 2 the possible explanation for
the mode onset in terms of a linear destabilization of tearing modes as a consequence
of broadening or shrinking of the current density profile in presence of temperature
hollowing or edge cooling, respectively, is confirmed through interpretative simulations
and stability analysis of real pulses representative of the two scenarios, whilst the
subsequent mode growth is delegated to non-linear mechanisms. In section 3 two
parameters are defined on the basis of ECE radiometry measurements to characterize the
shape of the electron temperature profile and the time evolution of such parameters is
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Figure 1. Tomographic reconstructions of the plasma radiation profile (left) and
electron temperature profiles from ECE radiometry (right) for the termination phase
of two pulses characterized by an increased radiation emission in core (JPN 96996,
top) and edge (JPN 92211, bottom) plasma, respectively. The same dynamic range
of 1 MW/m3 has been adopted for the two tomographic reconstructions on the left
figures. Vertical dashed lines on the right figures correspond to the positions of the
last closed flux surface.

studied for some representative pulses to highlight their correlation with mode onset and
dynamics in disruptive pulses. In section 4 a large data-set including both non-disruptive
and disruptive pulses is analyzed to estimate the characteristic time interval between
temperature hollowing and edge cooling processes and the locking of the increasing
magnetic island [12], and the possibility to obtain disruption precursors (nay mode onset
precursors) based on the two parameters indicating changes in the shape of the electron
temperature profile is explored. Finally, in section 5 the conclusions are discussed and
the perspectives for future works are illustrated.

2. Tearing mode activity

Tearing modes characterized by different poloidal and toroidal mode numbers are
sometimes observed during the stationary phase of plasma pulses at JET, often triggered
by external events such as sawtooth crashes, fishbone activities and perturbations
associated with edge localized modes. Tearing modes are also observed in the
termination phase of disruptive pulses. However, due to the reduction of the additional
power, the above trigger mechanisms are rarely present, whilst an increased radiation
emission from core or edge plasma, leading to temperature hollowing and edge cooling,
respectively, is observed before the onset of the modes.
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It is well known that the destabilization of a classical tearing mode in a tokamak is
driven by the radial gradient of the toroidal current density profile, which is related to
the free energy available for the modes [13]. An important role is played by the current
density gradient near the mode resonant surface, where ¢ = m/n, even though the
mode stability generally involves the global shape of the current profile [14, 15, 16]. Tt is
worth noting that in the termination phase the current profile is dominated by the ohmic
contribution and the resistivity is high due to the low temperature (n ~ Z.;; /T2, where
Zs¢ and T, are the effective charge and the electron temperature, respectively), so the
current profile changes on a relatively short resistive diffusion time scale (7 ~ poL?/n,
where L is the characteristic spatial scale involved) reflecting the changes in the electron
temperature profile. The destabilization of 2/1 tearing modes by changes in the current
density profile in plasma termination on JET is analyzed in the next paragraphs.

2.1. Experimental observations

Both destabilization paths mentioned before, namely the shrinking of the current density
profile as a consequence of edge cooling and the broadening of current density profile
due to temperature hollowing, can occur during the JET plasma termination. Their
percentage incidence strongly depend on the operational scenario. Lower density and
a flatter safety factor profile are prone to develop tearing modes as a consequence of a
temperature hollowing associated with core impurity accumulation, whilst for peaked
safety factor profiles and higher density the tearing modes are mainly caused by edge
cooling as a consequence of the higher peripheral density in the termination phase. The
formation of an outer radiative blob due to impurities accumulated in the low field side
can also be responsible for an edge cooling.

In Figure 2 (left) time traces of a representative pulse (JPN 96996) characterized
by temperature hollowing only, without edge cooling before the mode onset, are shown.
The temperature hollowing is associated with an increased radiation emission in core
plasma, as highlighted by the tomographic reconstructions of the plasma radiation
profile reported in Figure 1 (top). In this pulse the heating power starts to be turned
off from 14.7 s and the plasma current is ramped-down. A hollowing of the electron
temperature profile begins around 16.3 s, approximately 1 s before the disruption, as
highlighted by the crossing of temperature lines corresponding to different radii. This
behavior is likely due to heavy impurity accumulation, which is a crucial point in
JET with ITER-like wall [17]. In fact, an impurity accumulation was also observed
in JET-C, but the influx of carbon did not affect the electron temperature profile as
much as core radiating high-Z materials such as tungsten or nickel, which make the
aspect of core impurity accumulation more serious in JET-ILW. Following the change
in the temperature profile, an increase in central safety factor is expected, as confirmed
by disappearing at 16.42 s of the long lasting continuous 1/1 mode, related to ¢ = 1
magnetic surface in the plasma (red line in the bottom panel). Afterwards a sequence of
mode onsets with decreasing toroidal mode number n is observed in the bottom panel:
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5/4 at 16.62s, 4/3 at 16.63 s, 3/2 at 16.68 s. All these modes are characterized by
increasing frequencies, suggesting rational surfaces moving inward as a consequence of
a q — profile modification following the temperature hollowing. A 2/1 mode is observed
in the outer part of the plasma starting from 16.75 s with slightly increasing frequency;
after a reconnection event (RE) at 17.08 s the mode locks at 17.14 s (this sequence is
typical for this kind of pulses) and finally the plasma disrupts. The temporal evolution
of the n = 1 mode frequency and island width w, and of the mode lock amplitude from
saddle flux loops (mounted on the outside of the vacuum vessel at the low-field-side)
is reported in Figure 2 (right) for the last 400 ms to disruption. The island growth,
as roughly estimated by the poloidal magnetic perturbations measured by Mirnov
coils (w o< /By [18]), is algebraic in the first phase, as confirmed by singular value
decomposition [19] analysis of electron temperature fluctuations (ECE channels acquired
at 200 kHz), whilst a faster growth seems to characterize the last phase before locking.
It is worth noting that all 2/1 modes destabilized as a consequence of temperature
hollowing are characterized by a fast initial mode rotation.

JPN: 96996
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Figure 2. (Left) Time traces of the plasma termination of a pulse with temperature
hollowing only. From top to bottom: plasma current and neutral beam power, electron
temperature at different radii, electron density at different radii, spectrogram of a
magnetic pick-up coil, toroidal mode number analysis from a magnetic pick-up coil
array. (Right) Time traces of the n = 1 mode frequency and island width from Mirnov
coils and from SVD analysis of ECE channels acquired at 200 kHz, and of the n =1
mode lock amplitude from saddle flux loops for the last 400 ms to disruption. A direct
estimation of the island with from ECE contours for the last 5 ms to mode lock has
been also added (green symbols). JPN 96996.

In Figure 3 (left) time traces of a representative pulse (JPN 92211) characterized
by edge cooling only are shown. The edge cooling is associated with an increased
radiation emission in edge plasma, as highlighted by the tomographic reconstructions
of the plasma radiation profile reported in Figure 1 (bottom). In this pulse the heating
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Figure 3. (Left) Time traces of the plasma termination of a pulse with edge
cooling only. From top to bottom: plasma current and neutral beam power, electron
temperature at different radii, electron density at different radii, spectrogram of a
magnetic pick-up coil, toroidal mode number analysis from a magnetic pick-up coil
array. (Right) Time traces of the electron temperature contours (top) and of n =1
mode amplitude and sine component on internal discrete coils (bottom) for the last
300 ms to disruption. JPN 92211.

power starts to be turned off from 11.6 s and the plasma current is ramped-down, but the
electron temperature profile remains peaked, as highlighted by sawtooth crashes in the
inner electron temperature channels. In this phase only the precursor of the sawtooth
activity is observed in the spectrogram. An edge cooling process starts from 13.68 s, as
visible by outer electron temperature channels, and a hint of n = 1 MHD activity can
be seen in the spectrogram from 13.82 s at very low frequencies, where Mirnov coils do
not provide good signals due to low frequency drift. Additional signals are reported in
Figure 3 (right) for the last 300 ms to disruption.. On the top panel, the time traces of
the electron temperature contours from electron cyclotron emission radiometry confirm
the start of edge cooling from 13.7 s and show some rapidly increasing variations (with a
sort of divergent behavior) from 13.8 s, when the edge cooling affects the region around
the ¢ = 2 surface (R = 3.63 m). On the bottom panel the n = 1 mode amplitude
(blue line) and sine component (orange line) on internal discrete coils (an array of coils
slower than the Mirnov coils but with better drift compensation) show some oscillations
associated to the magnetic island rotation and then a saturation, while the thermal
quench is induced by disruption mitigation valve (DMV) intervention, as indicated by
the corresponding spikes in the mode amplitude signal. Usually 2/1 modes destabilized
as a consequence of edge cooling make only a few turns before locking, whilst only few
cases with a short phase of fast initial mode rotation and very few cases with locked birth
are observed. It is worth noting that in case of peaked electron temperature profiles,
the 2/1 modes generally tend to saturate.
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The two pulses shown are representative of the general chain of events leading to the
onset of 2/1 tearing modes in termination phase when temperature hollowing or edge
cooling occur, but clearly they not catch all the possible behaviors. In case of 2/1 modes
induced by temperature hollowing, after the disappearing of the ¢ = 1 magnetic surface,
some pulses present spontaneous tearing modes as shown in Figure 2; other pulses are
similarly characterized by a sequence of modes with decreasing toroidal mode number
n, but each mode is triggered by a reconnection event. In case of 2/1 modes induced
by edge cooling, the mode onset can occur with differently shaped electron temperature
profiles. The example presented in Figure 3 is representative of cases where the mode
onset occur with peaked electron temperature profiles. However, there are several cases
in which the mode onset occur with hollow profiles. In these cases the pulse has all
the signatures of temperature hollowing, but final collapse appears to be from edge.
Coming back to the two scenarios where temperature hollowing or edge cooling occur
separately, two open questions need to be answered: 1) following changes in the electron
temperature profile, is the current density profile changing before the 2/1 mode onset
? 2) are the current density profile changes heading in the direction of a more unstable
MHD scenario ? The next two sections are therefore devoted to providing a quantitative
answer to these two crucial questions.

2.2. TRANSP simulations

Interpretative TRANSP [20] simulations are carried out for the two pulses mentioned
before, representative of the temperature hollowing (JPN 96996) and edge cooling (JPN
92211) scenario, respectively, in order to answer the questions in the previous section.
The simulations have been performed providing TRANSP with electron temperature
and density profiles as measured by high resolution Thomson scattering (HRTS), and
T; =T, is assumed. The effective charge temporal evolution is prescribed with the visible
Bremsstrahlung data assuming a uniform Z. ;s profile. The profiles are mapped on the
flux coordinate py,, i.e. square root of normalized toroidal flux, which is calculated
by EFIT [21]. EFIT provides also the initial condition for the plasma equilibrium (i.e.
safety factor profile, surfaces geometry, etc.) which is then evolved by the TRANSP
internal inverse solver TEQ [22]. The current density profiles are calculated at each
time step solving to the poloidal field diffusion equation, including the ohmic, bootstrap
and current driven contribution, according with the driving terms and the classical
Spitzer resistivity [18]. It is important to note that, in the analyzed time window that
corresponds to the terminal phase of the plasma, the plasma current is dominated by the
ohmic term. The Spitzer resistivity has been preferred, based on the observation that the
use of neoclassical resistivity in the modeling systematically overestimates the rates of
current profile evolution during current ramp-up or ramp-down [23]. Tests with different
choices of the resistivity give results in qualitative agreement with what obtained
using the Spitzer formula. The simulations, besides calculating the internal current
density profiles, provide values of local and global quantities to be compared with the
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experimental data, to assess the reliability of the computation: in particular the stored
energy, total neutrons and line integral density are within 10% of the corresponding
experimental values, confirming the quality of the present approach [24].
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Figure 4. Time evolution of electron temperature (top) and current density (bottom)
profiles, from TRANSP simulations, for the termination phase of JPN 96996 with
temperature hollowing only (left) and JPN 92211 with edge cooling only (right).
Experimental data from high resolution Thomson scattering are reported as solid points
in top panels.

The time evolution of electron temperature and current density profiles is reported
for the two pulses in Figure 4. Changes in current density profile generally reflect
the expected evolution following changes in the electron temperature profile, with time
delays associated with the effective resistive diffusion times. In particular, for JPN
96996, characterized by a temperature hollowing beginning around 16.3 s, the current
density profile seems to start changing between 16.6 s and 16.8 s, so an effective resistive
diffusion time of the order of 0.3 — 0.5 s can be estimated at first glance. It is worth
noting that only a broadening of the current density profile is observed in this case,
without a substantial hollowing of the central region. This could also be due to the
flat effective charge profile Z ;s considered in the simulation. More detailed analysis
will be performed in near future with the introduction of shaped effective charge profile,
reflecting the impurity accumulation in pulses with temperature hollowing. However,
we will see in the next paragraph that the shaping of the current density profile here
evaluated is sufficient to explain a linear destabilization of the 2/1 mode. For JPN 92211,
characterized by an edge cooling beginning around 13.68 s, the current density profile
seems to start changing between 13.71 s and 13.79 s, so an effective resistive diffusion
time of the order of 30 — 110 ms can be estimated at first glance. The spread in this
estimation is due to the fact that the pulse is characterized by sawtooth activity, so
the comparison between current density profiles has been made considering only times
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corresponding to a distinct phase of the sawtooth activity, which has a period of order of
100 ms. An effective resistive diffusion time of the order of 50 —100 ms can be estimated
by removing the condition for selecting current density profiles. The accuracy of the
estimation is now associated to the temporal resolution of the HRTS diagnostics, which
is acquired at 20 Hz. Faster temperature measurements, like ones provided by ECE
radiometry, would give a more precise estimate of the effective resistive time.

It is worth noting that in both cases a general decrease in the electron temperature
values is observed at different radii (top panels in Figure 4), due to the global plasma
cooling during the termination phase. This is the reason why the current density
profiles (bottom panels in Figure 4) have been normalized to the total plasma current
at their respective times, highlighting the different region affected by changes in the
local resistivity. Concerning the stability of the 2/1 tearing modes as a consequence
of changes in the current density profile, in both pulses an increase in the gradient in
the ¢ = 2 region is observed, qualitatively supporting the hypothesis of an ongoing
destabilization process.

2.3. Tearing stability analysis

Linear stability analyses have been performed for the two pulses JPN 96996 and
JPN 92211 for the time intervals of Figure 4 (i.e. before the observation of large magnetic
islands), by solving the equation for the perturbed radial magnetic field B,; [25] in the
zero pressure limit:

d 9o d o Grr m2 qlo i jtor r
| | = [+ e o5y

with perfectly conducting wall boundary condition. In the equation above r is the

radial coordinate defined from the normalized poloidal flux, ¢ is the safety factor, j;o
and B, are the toroidal current density and magnetic field respectively, g, and ggg are
the metric tensor coefficients, with /g the Jacobian and the poloidal average denoted
by angular brackets. Note that the equation above reduces to the cylindrical version
when g,, = 1, ggo = r* and \/g = rRy. The profiles for the physical quantities appearing
in Eq. (1) are obtained from toroidal equilibria computations performed with CHEASE
code [26] based on TRANSP outputs. In the zero pressure approximation, the linear
stability of the tearing mode is determined by the parameter A’ [27] defined as the
jump of the logarithmic derivative of perturbed radial magnetic field B,; across the
s, — (dIn B,y /dr), where the subscripts
sy and s_ denote the two sides of the mode resonant surface. For vanishing pressure

mode resonant surface, viz. A" = (dIn B, /dr)

gradients, A’ is proportional to the change in magnetic energy associated with the
magnetic perturbation [13, 16] so that higher values of A’ correspond to more unstable
scenarios. We point out that A’ must exceed a positive threshold in order to destabilize
the mode when the stabilizing contributions due to pressure and curvature effects are
taken into account [28, 29, 30].
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The results of the calculation of A’, based on the reconstructed equilibria of pulses
JPN 96996 and JPN 92211, are reported in Figure 5 where the A’ time traces are
compared with the sine components of n = 1 magnetic signals on internal discrete coils.
In both cases A’ remains almost constant when no coherent oscillations are observed,
indicating that magnetic islands are not present or their amplitude is so small as to be
undetectable (w < 0.5 ecm, which is the value associated with the noise of pick-up coils).
In this phase also relatively small stabilizing contributions due to pressure and curvature
effects are sufficient to justify the tearing stability. An increase in A’, due to current re-
distributions, is observed shortly before the mode onset. We note that it is likely that the
stabilizing contributions due to pressure and curvature effects do not increase during the
termination phase as they are directly proportional to pressure and conductivity (both
decreasing). This suggests the presence of a distinct positive threshold in A’, reinforcing
the hypothesis of an ongoing destabilization process, which is a relevant point given the
absence of evident external triggers in the terminal phase of the two analyzed pulses
(a simple model based upon an analytical expression for the current density profile is
reported in the Appendix). More detailed linear stability analysis will be performed in
near future evaluating also the pressure and curvature effects, here taken into account
only qualitatively for the interpretation of the destabilization process.

JPN: 96996 JPN: 92211
8 7Temperature hollowing 6 Edge cooling
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Figure 5. Time traces of the tearing stability index A’ (top) and of sine component
of n = 1 magnetic signals on internal discrete coils (bottom) for the termination phase
of JPN 96996 with temperature hollowing only (left) and JPN 92211 with edge cooling
only (right).

It is well known that the very early stage of the island evolution in collisional
and semi-collisional regimes, which are appropriate to these low-temperature phases
of the pulses, is characterized by an exponential growth [31, 32]. However, when the
island width exceeds the resistive layer width (of the order of few millimeters [31, 32]),
non-linear currents dominate over the inertia and the growth slows from exponential
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to algebraic (Figure 2, right). The non-linear mode growth is usually described by
a modified Rutherford equation (MRE), where different contributions are take into
account together with the non-linear formulation for A’, i.e. A’(w), where the jump of
the logarithmic derivative of B, is evaluated between the edges of the magnetic island
(33, 34, 35, 36, 37]. In this framework, to start with a high value for A’(w) is an important
boost for the first phase of the island evolution, which will be dominated by A’(w) term.
We point out that a further non-linear destabilization process, due to radiation emission
effects from impurities within the island [38, 39|, has been proposed and invoked to
explain experimental results on the density limit [40, 41, 42, 43, 44]. In that model,
when the net power flow into/out of the island becomes negative, namely the radiated
power from the island exceeds the local ohmic heating power, the additional term in
the MRE changes from being stabilizing to destabilizing and the island evolution obeys
an asymptotic exponential law when the radiation drive term becomes the dominant
one. This could contribute to explain the faster growth characterizing the last phase
of the island evolution. Having said so, we stress that the non-linear radiation drive
mechanism (and generally any MRE framework) requires the pre-existence of a finite
size magnetic island, i.e. the island being linearly unstable or due to perturbation
from external sources. In this sense, the radiation drive effect, acting through a helical
current perturbation due to radiation from impurities within the island, has not to
be confused with linear destabilization process, previously described, due to global
changes in the current density profile as consequence of an increased radiation emission.
Therefore, this suggests that the onset of the magnetic island during the termination
phase without external triggers is entirely caused by a modification of the classical A’
due to temperature, and consequently current density, variations, whilst the subsequent
mode growth is delegated to non-linear mechanisms.

3. Temperature hollowing and edge cooling parameters

Following the picture of tearing modes generated by changes in the current density
profile reflecting the changes in the electron temperature profile, two experimental
parameters have been defined upon the electron temperature profile obtained by ECE
radiometry to highlight the occurrence of the two possible phenomena leading to
mode onset, namely the temperature hollowing and the edge cooling. In order to
guarantee stable values apart from a change in the shape of electron temperature
profile, the two parameters have been defined as ratio between two volume average
temperatures, TH = (T.)vmia/{(Te)vine and EC' = (T.)vmia/{Te)vest, where the three
volumes are defined considering the following major radii: R = 3.00 — 3.40 m for V,;,
R = 3.40 — 3.60 m for V,,;q, R = 3.60 — 3.75 m for V,,;. The radii of the internal
volume have been chosen taking into account that the volume is used to highlight the
temperature hollowing, likely due to core impurity accumulation, which usually affects
the plasma region within the ¢ = 1 surface. The radii of the external volume have been
chosen so that the volume is entirely inside the pedestal region and taking into account
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the usual location of the ¢ = 2 surface, which determines the limit for the erosion of the
temperature profile before the mode onset in case of edge cooling. Based on the previous
definitions, the TH parameter will increase in presence of a temperature hollowing, due
to the greater decrease of (T.)vin compared to (T.)ymia, while the EC parameter will
increase in presence of edge cooling, due to the greater decrease of (7.)ye,s compared
to (Te)vmia- The time delay between the changes of the two parameters and the onset
of tearing modes will be related to the effective resistive diffusion time and to the time
required to produce an unstable MHD scenario. The evolution of the two parameters
and of n = 1 mode lock amplitude in the termination phase of a JET pulse (JPN 92356)
characterized by both temperature hollowing and edge cooling is shown in Figure 6 (left),
highlighting a temperature hollowing and an edge cooling starting at about 300 ms and
60 ms to disruption, respectively. These results well reflect the temporal evolution of
electron temperature profile reported in Figure 6 (right).

JPN: 92356
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Figure 6. (Left) Temporal evolution of the two parameters TH and EC and of n = 1
mode lock amplitude in the termination phase of a JET pulse characterized by both
temperature hollowing and edge cooling (JPN 92356). Temperature hollowing from
11.20 s; edge cooling from 11.42 s; mode lock at 11.45 s; disruption at 11.46 s. Dashed
vertical lines correspond to times considered in the right figure. (Right) Temporal
evolution of electron temperature profile from ECE radiometry for the last 300 ms to
disruption. The regions considered for the definition of the two parameters TH and
EC are indicated as shaded areas.

In order to highlight the correlation between the changes in the shape of the electron
temperature profile and the onset of tearing mode in plasma termination, the time
evolution of the two parameters TH and EC has been evaluated for a dataset of 268
non-disruptive (136) and disruptive (132) pulses carried out at different plasma current
values (from 2.5 to 3.7 MA) in the baseline scenario at JET [45] in the period 2016-
2020. From the dataset analysis it is possible to see that non-disruptive pulses are
generally devoid of temperature hollowing and edge cooling, with stable values for both
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parameters TH and EC. Only a 10% of pulses exhibits transient increases of one of the
two parameters not followed by a disruption, sometimes related to spikes in pulses with
full-size pellet injection, to edge localized modes or to non-disruptive MHD activity. As
expected, disruptive pulses are characterized by constant values for both parameters
TH and EC during the non-disruptive phase. Only in the last two seconds before the
disruption an increase on one or both parameters is observed, although a 10% of pulses
exhibits some increases too in advance of the disruption and not necessarily correlated
with the effective chain of events leading to disruption. The same explanation given
above is often valid for these cases.
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Figure 7. (Left) Time traces of 9 representative disruptive pulses performed in the
baseline scenario at JET. From top to bottom: neutral beam power, plasma current,
EC and TH parameters. Pulses are characterized by edge cooling only (blue lines),
edge cooling and temperature hollowing (green lines) and temperature hollowing only
(red lines). (Right) Paths of the 9 representative pulses on the EC-TH plane for the
last 5 s to mode lock. Black symbols refer to EC-TH pairs for the time interval between
5 s and 1 s to mode lock.

To show some examples, time traces of 9 representative disruptive pulses are
reported in Figure 7 (left), where a color code is used to highlight the simultaneous
or separated occurrence of edge cooling and temperature hollowing: blue for pulses with
only edge cooling, green for pulses with both edge cooling and temperature hollowing,
red for pulses with only temperature hollowing before mode lock (JPN 92211 and JPN
96996, analyzed in section 2, are reported in the figure with blue and red thick lines,
respectively). Time traces of TH and EC confirm the observation of constant values
for both parameters (not strongly depending on heating power and plasma current)
during the non-disruptive phase, with an increase of one or both parameters in the last
second to mode lock, which is used as a reference (with a threshold for the magnetic
measurement fixed at 0.5 mT) as it is directly related to the mode onset and growth up
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to a given amplitude. In particular, pulses with temperature hollowing or edge cooling
develop 2/1 tearing modes in different characteristic times, of the order of 1s and
100 ms, respectively. This behavior is highlighted in Figure 7 (right), where the paths
of the 9 representative pulses on a “EC-TH plane” are reported for the last 5 s to mode
lock. For the time interval between 5 s and 1 s to mode lock the EC-TH pairs for the 9
pulses (indicated by black symbols) are located in a well defined quadrant where also the
EC-TH pairs for non-disruptive pulses are usually located, so this quadrant identifies
the stability region for the two parameters EC and TH. Between 1 s and 0.1 s to locking
the TH parameter increases for the 6 pulses with temperature hollowing (red and green
lines), overcoming a threshold indicated by the horizontal line (only marginally for one
pulse) and finally in the last 0.1 s to locking also the EC parameter increases for the
6 pulses with edge cooling (green and blues lines), overcoming a threshold indicated
by the vertical line. Although it is not the main purpose of this work to develop
disruption precursors, this behavior suggest the possibility to find two thresholds for the
parameters TH and EC to discriminate between non-disruptive and disruptive pulses
and to define alert times based on such parameters. Furthermore, the investigation of
possible dependencies of these thresholds on plasma parameters such as plasma current
and electron density could help to extrapolate from nowadays devices the thresholds for
TH and EC for future reactors, for which disruptions will be unacceptable or reduced
as much as possible, thus not allowing the formation of a large database to optimize the
threshold values.

4. Characteristic time scales

In order to investigate the characteristic times involved in the evolution of the two
parameters TH and EC, the distributions of the time interval between the increase of
the parameters and the mode lock have been evaluated for the 132 disruptive pulses of
the baseline dataset. Also in this case, the time corresponding to the mode lock has been
used as a reference as it is related to the mode growth up to a given amplitude, whilst
the time from mode lock to disruption can vary from few milliseconds to hundreds, as
shown in Figure 8, depending on the mode dynamics and on the logic of the mitigation
actions. As it is possible to see in Figure 9, the distribution of times to lock for the
edge cooling exhibits a characteristic time of the order of 100 ms (left), while the times
to lock for the temperature hollowing exhibits a sort of double distribution (right).
This behavior can be explained taking into account that the temperature hollowing
always precedes the edge cooling in the termination phase of pulses characterized by
both processes. The first distribution at lower times (between 200 ms and 600 ms)
is probably due to hollowing processes early interrupted by the occurrence of a faster
edge cooling. The second distribution (centered around 1 s, also if the reduced number
of cases makes the estimation difficult) correspond to pulses with a longer hollowing
process, where only the temperature hollowing occurs, or with a later occurrence of
edge cooling. The longer delays between the temperature hollowing and the mode lock,
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compared to delays between the edge cooling and the mode lock, are likely associated,
in a first approximation, to the higher resistive diffusion time linking the changes in the
electron temperature profile and the changes in the current density profile leading to
the mode destabilization.

30

Mode lock -> disruption

unmitigated
disruptions

N
o

number of cases
)

0,0 0,1 0,2 0,3 0,4 0,5
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Figure 8. Distribution of the time interval between mode lock (¢ys7,) and disruption
(taisr) for the 132 disruptive pulses of the baseline dataset. The first bin (0 — 15 ms)
correspond to unmitigated pulses (thermal quenches before disruption mitigation valve
intervention). Longer delays correspond to low amplitude lock modes (triggering late
the mitigation actions) and to pulses with sequences of soft disruptions.

The characteristic times between the increase of TH and EC and the mode lock
shown in Figure 9 can be seen as advances of alert times based on the two parameters
with respect to mode lock, which is widely adopted as disruption precursor to trigger
mitigating actions [46]. In particular, the obtained results indicate that the parameter
TH, related to the temperature hollowing, could provide alerts up to 2 s from the mode
lock, therefore an attempt to correct the termination avoiding the disruption is possible,
e.g. providing central additional heating to counteract the inward transport of high-Z
impurities [47, 48]). It is worth noting that, keeping or re-establishing temperature
profiles peaked is obviously a clear strategy to avoid these disruptions, but the additional
power has to be carefully calibrated to avoid the onset of tearing modes triggered by
sawtooth crashes, as observed in pulses characterized by long-period sawtooth activity.
The parameter EC, related to the edge cooling, could provide alerts falling within 200 ms
from the mode lock, namely not sufficient to correct the termination but enough to
anticipate mitigation actions, such as gas injection into the tokamak (leading to a fast
loss of thermal energy by photon radiation) [49], to avoid the occurrence of a thermal
quench before the disruption mitigation valve intervention.

Additional information with a view to developing disruption precursors based
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Figure 9. Distribution of the time interval between the increase of parameters EC
(tgc, left) and TH (t7p, right) and the locking of the tearing mode (¢tprz,) for the 132
disruptive pulses of the baseline dataset. Solid lines in the plots have been added for
sake of visual clarity.

on parameters TH and EC can be provided by the dynamics of n = 1 lock mode
signals. Assuming that re-establishing temperature profiles peaked providing central
additional heating is a clear strategy to avoid disruptions due to temperature hollowing,
a differentiated approach could be applied to mitigate disruptions due to edge cooling
depending on the shape of the electron temperature profile. As mentioned in section 2.2,
mode saturation with peaked electron temperature profile is quite general and usually
the thermal quench is induced by disruption mitigation valve intervention (bottom
right panel in Figure 3), which is triggered at different time intervals from the mode
lock depending on different values of mode lock amplitude and plasma current. For
this reason, it is not crucial in this case to anticipate the DMV intervention, which
would correspond to inducing a higher current thermal quench. A different behavior is
frequently observed when the edge cooling occurs in hollow electron temperature profile,
with an explosive growth of the mode amplitude leading in some cases to unmitigated
thermal quenches (bottom left panel in Figure 6), so it is crucial in this case to anticipate
the DMV intervention.

5. Conclusions and Perspectives

Tearing modes without evident external triggers are observed in the termination phase
of JET pulses in presence of an increased radiation emission in core or edge plasma,
leading to temperature hollowing and edge cooling, respectively. These instabilities
often lead to a disruption, therefore an analysis of the possible causes of destabilization
is of interest toward the optimization of the plasma termination, to reduce the disruption
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probability or to trigger mitigation actions to reduce the deleterious effects of impending
disruptions. A first result shown in this work is that a possible explanation for the mode
onset in the termination phase is a linear destabilization as a consequence of changes
in the current density profile reflecting the changes in the electron temperature profile.
Both temperature hollowing and edge cooling can lead to an unstable MHD scenario,
as a consequence of a continuous increase of the current density gradient near the mode
resonant surface. This is due to a broadening of the current density profile from inside
in the case of temperature hollowing and to a shrinking of the current density profile
from outside in the case of edge cooling. After the mode onset, the magnetic island will
evolve in the non-linear regime, typically modeled by a modified Rutherford equation.
Following the picture of tearing modes generated by changes in the current density
profile, two experimental parameters, TH and EC, have been defined from the electron
temperature profile to highlight the occurrence of temperature hollowing and edge
cooling and the analysis of a large dataset of pulses carried out in the baseline scenario at
JET in the period 2016-2020 led to the introduction of an empirical stability diagram on
the plane defined by the two parameters. The possibility to obtain disruption precursors
based on the two parameters TH and EC indicating changes in the shape of the electron
temperature profile has been preliminary explored, showing that the parameter related
to the temperature hollowing could provide alerts useful to attempt to correct the
termination avoiding the disruption, whilst the parameter related to the edge cooling
could provide alerts useful to anticipate mitigation actions. However, the capability
of obtaining alerts well before the mode onset, when stability analysis indicate stable
MHD scenarios, are encouraging for future developments. More detailed analysis of
the explosive growth of the mode amplitude, frequently observed in pulses with both
temperature hollowing and edge cooling and leading in some cases to unmitigated
thermal quenches, will be performed in near future also in view of ITER, in whose
operations the unmitigated disruption rate should be reduced as much as possible.
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Appendix A. Analytical modeling

A simple analytical approach is here presented to assess, at first glance, the possible
2/1 mode destabilization as a consequence of changes in the current density profile.
As mentioned before, both temperature hollowing and edge cooling can destabilize
a 2/1 tearing mode as a consequence of an increase of the current density gradient
near the mode resonant surface. To confirm the destabilization mechanisms, two
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different sequences of current density profile have been utilized in an analytical form,
starting from the same profile, to represent the two cases associated with broadening
(in case of temperature hollowing) or shrinking (in case of edge cooling) of the current
density profile. The two different paths are intended as the consequence of different
radiation increases, involving the core and the edge plasma, respectively. The following
parametrization has been used: jy(p) = jgo (1 — p?)" (1 + kp?)”, where the parameters
Jeo, ¢, B and k have been changed taking constant the safety factor at the edge, related
to the total plasma current. The results are reported in Figure Al (left) for the cases
corresponding to broadening (top) and shrinking (bottom) of the current density profile.

15

1,0f

i)

broadening -
— < 20}
0,0 , } . ! , i . i i . } ) i ! I
1.0 /

<= Z <w 10}
— 7 —
05}

H-12-13 shrlnklng__:;;i/
0‘%,0 02 04 06 08 1,0 0 1 2 3
p t(a.u)

0,5+

Figure A1l. (Left) Time evolution of current density profiles for pulses with
broadening (top) and shrinking (bottom) of the current density profile, as obtained
by the analytical parametrization reported in the text. (Right) Time evolution of the
linear stability parameter A’ for the two sequences of current density profile reported
on the left. The time indicated are in arbitrary units.

Linear stability analysis have been performed in the zero pressure large aspect ratio
approximation by solving the equation for the perturbed radial magnetic field with a
shooting-type code for circular flux surfaces equilibria in cylindrical geometry, with a
perfectly conducting wall boundary condition. From Figure A1 (right) it is possible to
see that an increase of the tearing stability index A’, due to current contributions, is
obtained in both cases. For this reason, assuming the neglected stabilizing contributions
to be not increasing in the termination phase, being directly proportional to pressure and
conductivity (both decreasing), a destabilization mechanism seems to be possible when
A’ exceeds a distinct positive threshold. It is worth noting that the times considered in
the two analytical sequences are in arbitrary units, so they may correspond to different
time interval in the evolution of current density profile in real pulses and a direct
comparison of A’ values for the two sequences is not possible. The neglected stabilization
terms may also be different for pulses characterized by a broadening or a shrinking of
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the current density profile, respectively, so the obtained results only aim to show the
possibility of a destabilization process in the two scenarios.
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