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Data produced by an electron cyclotron interferometer diagnostic are now available to the real-time control
systems of of the joint European torus (JET) tokamak. The data consist of absolutely calibrated electron
temperature pro�les, covering the plasma low-�eld side, core and part of the high-�eld side, for most of the
range of magnetic �elds used at JET. The pro�les are obtained without the need for real-time equilibrium
reconstructions. A simple and robust metric for the peakedness of the pro�les was de�ned and employed in
a real-time control system. The main goal was to identify discharges at risk of disruption, after impurity
accumulation in the core, and terminate them safely. This was successfully tested on the current ramp-up
phase of hybrid plasmas, developed in support of high-performance scenarios for the upcoming deuterium-
tritium JET campaign.

I. INTRODUCTION

An experimental campaign using deuterium-tritium
(D-T) fuel, equivalent to what is foreseen will be used
in a fusion reactor, is currently scheduled for 2021 on the
joint European torus (JET) tokamak1. It will be, in fact,
the �rst time that experiments with reactor-compatible
fuel will be performed in a tokamak in the presence of
ITER-like plasma facing components2,3 (beryllium walls
and tungsten divertor). High-performance and ITER-
relevant scenarios will constitute the core of the D-T
campaign and they will require highly integrated real-
time control systems in order to achieve quasi-stationary
conditions4,5. For example, in certain ITER-relevant sce-
narios, it was found that temperature hollowing during
the ramp-up phase can lead to the formation of modes in-
side the plasma6. This severely limited the performance
of the discharges and, at times, led to plasma disrup-
tions. Particularly in the frame of a D-T campaign, be-
ing able to promptly detect this process and safely ter-
minate these discharges would mitigate the risk of po-
tentially dangerous disruptions. Furthermore, with D-T
plasmas, strict budgets will be enforced both on the avail-
able tritium fuel and on the integrated �ux of high energy
neutrons generated by the fusion reactions. Hence, the
identi�cation and early termination of pulses that are not
going to reach high-performance conditions could reduce
nuclear fuel consumption.
Diagnostics feeding pre-processed data to real-time

control systems have to satisfy a long list of often com-
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peting requirements, varying considerably with speci�c
applications. For example, multiple electron tempera-
ture (Te) diagnostics are normally included in the real-
time control systems of high-temperature plasma exper-
iments. Two common choices are electron cyclotron
emission (ECE) radiometers7�10 and Thomson scatter-
ing (TS) spectrometers11�13. ECE radiometers can pro-
vide measurements with high temporal resolution (>100
kHz), particularly useful for detecting MHD modes de-
veloping inside the plasma. TS diagnostics, instead, are
often used to robustly monitor temperature and density
pro�les with lower temporal resolution (<100 Hz) but
independently from the plasma equilibrium reconstruc-
tion and without the risk of reaching cut-o� conditions
in high density or low magnetic �eld pulses14. At JET
both the ECE radiometer15,16 and the high resolution
TS (HRTS)17,18 have been successfully used in real-time
control systems1920.

This paper presents the �rst real-time applica-
tions of the JET extraordinary mode (X-mode) ECE
interferometer21,22. This diagnostic provides Te pro�les
with moderate time resolution (60 Hz). The ECE inter-
ferometer is absolutely calibrated over a wide range of fre-
quencies (70-500 GHz), independently from other diag-
nostics. Thus, its pro�les cover the plasma low-�eld side,
core and part of the high-�eld side, for most of the mag-
netic �eld values accessible to JET (1.4-3.8 T). It is only
stopped from providing full Te pro�les in pulses in which
a combination of low magnetic �eld and/or high density
cause cut-o� conditions for ECE emission to arise14. The
basic characteristics and principles of the JET ECE in-
terferometer will be brie�y presented in section II, focus-
ing on the most relevant details for the real-time system,
such as the basic hardware components and the data ac-
quisition characteristics.
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Real-time applications for ECE interferometry are
completely novel. This is because ECE radiometers have
much higher temporal resolution (>100 Hz for ECE ra-
diometers) and simpler data processing. After apply-
ing a suitable calibration, in fact, the voltage output of
radiometers channels immediately translates to electron
temperature at speci�c radial positions. ECE interfer-
ometers, instead, produce interferograms that need to
be separated and processed in order to get information
about the ECE spectrum. On the other side, though, the
independent, absolute calibration of the JET ECE inter-
ferometer and the large spectral coverage of the diag-
nostic make it an interesting choice for certain real-time
applications. Section III will present the architecture of
the real-time ECE interferometry system that was devel-
oped and its connections to the real-time data network
of JET. Furthermore, the approximations contained in
the real-time data processing and their in�uence on the
resulting pro�les will be discussed.
One of the applications that motivated the develop-

ment of real-time ECE interferometry is the estimation of
the hollowing of core Te during the initial ramping phase
of high-performance plasma scenarios. A simple met-
ric to de�ne the peakedness of the electron temperature
pro�le, independent from the equilibrium reconstruction,
was de�ned to produce results robustly and with mini-
mum delay, starting from ECE interferometer measure-
ments. A control system based on this metric was devel-
oped and tested on discharges realized during the 2019
deuterium campaign on JET. Plasmas presenting tem-
perature hollowing during the ramp-up phase were safely
terminated by the control system. This �rst application
and the results that were obtained will be described in
details in Section IV.
Finally, conclusions and outlooks for real-time ECE

interferometry at JET will be presented in section V.

II. X-MODE JET ECE INTERFEROMETER

A. Basic hardware and diagnostic principle

The JET ECE interferometry system is used to provide
absolutely calibrated electron temperature pro�les over
a large fraction of the plasma radial pro�le. It consists
of two Martin-Puplett interferometers, looking at emis-
sion in fundamental ordinary mode (MI-O) and second-
harmonic extraordinary mode (MI-X) respectively. Only
MI-X is currently connected to the real-time data net-
work of JET, so the remainder of the paper will treat
exclusively the X-mode interferometer. A detailed de-
scription of the instrument (including the calibration pro-
cedure) can be found in previous publications21,22. Here
only the information most relevant to the new real-time
system will be reported.
Radiation from the plasma is collected by a horizontal

rectangular horn antenna (50 x 65 mm) placed 0.353 m
above the vessel mid plane, looking perpendicular to the

ECE interf. HRTS ECE radiom.

FIG. 1: Flux surfaces for a JET pulse (94945) at 11 s,
as calculated by EFIT. In the poloidal cross-section the
lines of sight of the X-mode ECE interferometer ECE
radiometer and high resolution Thomson scattering are

displayed.

magnetic �led lines. The resulting line of sight of the
instrument, together with those for the ECE radiometer
and HRTS, are represented over a poloidal cross-section
of the JET vessel in �gure 1. In the rectangular waveg-
uide, immediately outside the vacuum window sealing
the vessel access, a horizontal wire grid selects X-mode
polarization. The radiation is carried for forty metres, in
air-�lled rectangular waveguides, to the interferometer in
the diagnostic lab.

A simpli�ed schematic of the interferometer is pre-
sented in the top left corner of �gure 2. The incoming
EC radiation from the plasma is split equally, by a wire
grid polariser, into two perpendicular arms, each one ter-
minating with a rooftop mirror that rotates the polariza-
tion by 90°. The two beams recombine at the polariser
and are re�ected into a cryogenically cooled InSb detec-
tor (QMC instruments MD1865). The detector is biased
with a constant current, and the incoming power changes
its resistivity. The resulting voltage variations are then
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FIG. 2: Simpli�ed schematics of the ECE interferometer in JET and its data acquisition scheme.

ampli�ed, low pass �ltered at 30 kHz and acquired by
a National Instruments data acquisition card (NI PCI-
6220). One of the rooftop mirrors is connected to a vi-
brating motor (Bruel & Kjaer vibrator V406 M4) that
makes it oscillate at 30 Hz with a peak-to-peak ampli-
tude of 16 mm. The phase di�erence between the waves
travelling in the two di�erent arms creates a time depen-
dent interference pattern at the detector. According to
the principles of Fourier spectroscopy22�25, the spectrum
of the collected radiation can be obtained as the inverse
Fourier transform of the interferogram (V ) as a function
of the optical path di�erence (x ) between the two di�er-
ent arms of the instrument.

V (x) ∝
∫
Trad(f)CT (f) cos(2π

f

c
x)df. (1)

If the plasma density is su�ciently high to be considered
optically thick26, then the intensity of the cyclotron radi-
ation is proportional to the radiative temperature (Trad)
of the emitting electrons27. A frequency dependent cal-
ibration factor (CT ) is calculated on JET with in-vessel
measurements of the spectrum of a known source21,22.

One interferogram is produced every half-cycle of the
movable mirror (16 ms). The 3.66 GHz frequency reso-
lution of the resulting spectrum is limited by the 16 mm
optical path di�erence probed during the translation.

In ECE diagnostic applications, knowing the magnetic
�eld along the diagnostic line of sight, B(R), allows one
to associate each radial position to its corresponding EC
emission frequency in the spectrum. For a radiometer or
interferometer looking at second harmonic emission:

fECE(R) = 2
qeB(R)

2πme
, (2)

where B is the magnetic �eld as a function of the ra-
dial coordinate R and qe and me are, respectively, the
charge and mass of the electrons. In this way, a radial
temperature pro�le is reconstructed from every interfer-
ogram sampled by the diagnostic. At JET, the frequency
ranges used to determine pro�les using the X-mode in-
terferometer can go from 70 to 200 GHz.
In conclusion, then, radial Te pro�les are produced ev-

ery 16 ms (60 Hz), with a frequency resolution of 3.66
GHz corresponding to a resolution of 3-10 cm on the
plasma radius depending on the local magnetic �eld gra-
dient.

B. Interferometer data acquisition

A representation of the data acquisition architecture
for the JET ECE interferometer is shown in �gure 2.
Due to the constant frequency of the oscillating mo-

tor, a constant acquisition frequency at the detector
would correspond to a sinusoidal spatial sampling of the
interferograms. To acquire the interferograms linearly
in space, an optical linear encoder (Heidenhain LIDA
19/40) is �xed to the interferometer structure, looking
over a graded scale (20 µm between each line). The
scale, instead, is joined to the moving mirror. The en-
coder head contains a light source screened by a grating
corresponding to the graded scale, and a photoelectric
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FIG. 3: Output signals from the linear encoder used for
linear interferograms acquisition. A sample is recorded

every time the Q output signal crosses 0. The
turn-around position is de�ned as the position in which
the phase between the I and Q components changes sign

from positive to negative.

detector. The latter produces an electrical signal mod-
ulated by the relative movement between the grating in
front of the light source and the graded scale below it.
The signals produced by the optical encoder in the 250 µs
around one of the mirror turn-around points are shown
in �gure 3. The I and Q components of the original
signal are calculated and the positions at which Q = 0
are used to trigger the detector acquisition at �xed spa-
tial displacements. In this way, each interferogram is ac-
quired linearly with respect to the optical path di�erence
between the two arms of the interferometers (∆x = 40
µm). The change of phase between the I and Q compo-
nents (vertical dashed line in �gure 3) identi�es a turn-
around point of the moving mirror. The indexes of the
turn-around points corresponding to the rising edge of
the phase change are recorded by a counter, in order to
separate the consecutive interferograms during the sig-
nal processing. Simultaneously, another counter samples
the corresponding turn-around time on the 1 MHz JET
clock. The turn-around counter, the turn-around time
and the detector output are the three signals generated
from the system.

III. REAL-TIME ECE INTERFEROMETER SYSTEM:
ARCHITECTURE, ACQUISITION AND PROCESSING

A. Real-time system architecture

The data streaming architecture of the o�ine and real-
time systems of the JET ECE interferometer are shown
in �gure 4.
During a pulse, the three data streams (detector signal,

turn-around indexes and time counters) are continuously
passed by the acquisition card to the kernel memory of
the acquisition PC. For the standard, o�-line acquisition,
the raw data are stored there until the end of the pulse,
when they are sent by CODAS (control and data acquisi-
tion system) software to one of JET diagnostics subsys-
tems as JET pulse �les. There, they will be processed

before the next plasma pulse.
As part of the real-time operation, instead, signals are

processed locally in the acquisition PC. The way in which
the real-time code selects the interferograms to process is
illustrated in �gure 5. The process continuously looks for
a new triggering of the turn-around index counter, rep-
resented in �gure 5 by the dashed vertical lines. When a
new index is found, the points acquired by the detector
between the two latest recorded turn-arounds are divided
in two halves and the second one is processed as a single
interferogram (left side of �gure 5). This produces the
temperature pro�le corresponding to a single time point.
The next interferogram is identi�ed and processed when
the same number of points is collected after the latest
recorded turn-around index (right side of �gure 5), gen-
erating the next time point in the signals. The code then
waits for a new turn-around index to be recorded and the
cycle then repeats.
The processing of the interferograms by the real-time

algorithm is substantially identical to the procedure used
for o�-line data, described in detail in previous works22,
with only a few di�erences. While the o�-line code, run-
ning between discharges, is written in Python, the real-
time code is written in C. It uses specialized libraries
to optimize the discrete fast Fourier procedure necessary
for the inverse transform of equation 1, which is the most
time consuming part of the processing. The running time
of the code, for each interferogram, is about 1 ms. The
main di�erence between the real-time and o�-line analy-
sis is found in the pro�le reconstruction, after the calcu-
lation of the ECE spectra, and will be discussed in detail
in the next section.
The outputs of the real-time code are transmitted

via an ITER-like synchronous databus network28 (SDN),
which is then bridged to the ATM (asynchronous trans-
fer mode) interface of the JET real-time data network29,
where they are available to the real-time central con-
troller (RTCC). From there, they can be accessed by
the real-time protection systems with a total of 2 ms
delay. Each real-time signal is accompanied by a digital
validation signal. This is used by the real-time system
to distinguish times at which the result of the real-time
calculations are not meaningful. This could be due, for
example, to hardware faults.

B. Approximations for real-time processing

Since the magnetic equilibrium reconstruction is cur-
rently not available in real-time on JET, the value of the
magnetic �eld along the line of sight of the ECE interfer-
ometer, B(R) in equation 2, is approximated using only
the measurement of the toroidal �eld coil current (Itfc).
The formulas used to calculate the approximated mag-
netic �eld, Bsimple, are:

Bsimple(R) = Btor(R) = Btor(R0)
R0

R
.
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FIG. 4: Schematic representation of the acquisition architecture of the ECE interferometer and its connection with
the real-time system.

FIG. 5: Representation of four consecutive
interferograms acquired around one of the recorded

turn-around indexes.

Btor(R0) =
µ0

2π

Itfc
R0

NturnsNcoils.

In these equations, Btor is the toroidal component of the
magnetic �eld, R0 the radial coordinate of the plasma
axis, µ0 the magnetic permeability of vacuum and Nturns
is the number of turns inside each of the Ncoils toroidal
�eld coils.
This approximation, in most cases, leads to underesti-

mation of the total magnetic �eld, especially on the low
�eld side, mainly due to the missing contribution of the
poloidal �eld component. The error increases with the
ratio between Ip and Btor, making this approximation
most appropriate for low current, high �eld pulses. Pro-
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FIG. 6: Electron temperature pro�les obtained with
and without the magnetic �eld approximation used in
the real-time system. Represented are one baseline
plasma, with higher Ip = 3.3 MA and Btor = 2.8 T

(94788) and one hybrid plasma scenario with Ip = 2.2
MA and Btor = 2.8 T (95945).

�les reconstructed with and without this approximation
are shown in �gure 6. The error on the magnetic �eld is
found to be < 4%, for the �at-top of a baseline scenario
plasma with Ip = 3.3 MA and Btor = 2.8 T (94788).
This corresponds to inward shifts up to 5 and 15 cm at
the plasma axis and at the LFS plasma edge respectively.
However, in a plasma developed for the study of the hy-
brid scenario6, with by Ip = 2.2 MA and Btor = 2.8
T (94945), the deviation reduces to less than 3 cm for
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the whole pro�le. These errors are consistently smaller
during the initial ramp-up phase, for all pulses.
Ideally, signals coming from other JET real-time sys-

tems could be used to estimate the other components of
the magnetic �eld. However, this would add more de-
pendencies to the real-time ECE calculations, increasing
the chances of failure. For these �rst applications, a fo-
cus on simplicity and reliability was chosen. Currently, in
fact, the only requirements for the real-time ECE calcula-
tions are ECE interferometry data and the measurement
of the toroidal �eld coil current, making ECE real-time
data very robust.
The signals produced by the real-time system must be

used keeping in mind all the caveats normally employed
for ECE measurements. For example, plasmas with very
low density would have an optical depth too low to inter-
pret the radiative temperature measured by ECE diag-
nostics as electron temperature. Similarly, plasmas too
dense may present cut-o� layers that stop ECE propaga-
tion and thus make measurements very complicated26.

IV. CORE TEMPERATURE HOLLOWNESS MONITORING
USING ECE INTERFEROMETRY

A. Temperature hollowing in the ramp-up phase of hybrid
discharges

One of the main goals of the upcoming deuterium-
tritium experimental campaign on JET is to test high-
performance plasma scenarios with realistic nuclear fuel.
Furthermore, it will be the �rst time that D-T plasmas
are studied after the installation of the ITER-like wall
on JET in 2011. Among these high-performance scenar-
ios, are hybrid plasmas6,30, characterized by higher βN
(βN = 〈p〉

B2
t /2µ0

aBT

Ip
) with respect to the baseline JET sce-

nario. These plasmas usually start with a current ramp
phase that is optimized in order to obtain a �at safety
factor (q) pro�le, with q = 1 or slightly above it at the
plasma core30�32. This is achieved, on JET, using a fast
current ramp that includes a current overshoot, with re-
spect to the �at-top phase, before the start of the main
heating systems6,30,33 . Past experiments, studying the
hybrid scenario with deuterium plasmas, observed the de-
velopment of hollow electron temperature pro�les during
the ramp up phase, subsequent to core impurities accu-
mulation and the consequent radiation. Some of these
cases were followed by the formation of a 2/1 double
tearing mode that occasionally locked34, triggering the
massive gas injection valve (MGI) of JET to end the
pulse with a mitigated disruption33. Furthermore, even
when the pulse did not disrupt, impurity accumulation
can in�uence the q-pro�le. This is undesirable in plasma
scenarios that are very sensitive to the safety factor pro-
�le shape. This was observed, in particular, after the
installation of the metal ITER-like wall on JET35. In
the frame of a D-T campaign, these events would sub-
stantially damage the scienti�c programme for two main

reasons. First, a disrupted or dud discharge would be
a waste of the limited budgets of tritium and neutron
emission set for the experiments. Secondly, the presence
of current overshoots in these discharges increases the
risk of high current disruptions and, hence, of potential
damage to the tokamak.
This was one of the main reasons that motivated the

development of a real-time system able to reliably esti-
mate electron temperature hollowing during the current
ramp phase.

B. Peakedness metric de�nition

Starting from data provided by the ECE interferom-
eter, a metric to estimate the temperature pro�le hol-
lowness was developed with focus on speed, simplicity
and robustness. Before the discharge, three radial win-
dows are selected in the plasma pro�le and identi�ed as
core, left edge and right edge (highlighted for two spe-
ci�c pulses in �gures 7a and 8a). The position and width
of the radial windows were selected empirically, by look-
ing at the shape of the hollowing temperature pro�les
in the real-time interferometer signals. The temperature
in the three windows is averaged, producing Tcore and
Tedge = (Tedge,L + Tedge,R)/2, then the peakedness met-
ric P was de�ned as:

P =
Tcore − Tedge

Tedge
(3)

The radial boundaries of the three radial windows can
be modi�ed in between pulses and multiple sets of win-
dows can be de�ned as the same time (obtaining P1, P2

etc.), for example to optimize the calculation for di�er-
ent plasma phases, such as ramp-up and �at-top. It was,
however, observed that the calculation was quite insensi-
tive to small changes in the windows position and width.
This approach does not require any analysis to �nd the

peaks and trough of the hollow pro�les, since it is based
on �xed radial windows. As a consequence, it results in
a very quick calculation, that does not impact on the
response time of the real-time system. Furthermore, this
calculation is very robust: a result is always produced,
provided that the interferometer is sending meaningful
raw data.

C. First applications and results

One example of the disruptions mentioned in section
IVA is shown in �gures 7a and 7b (pulse 94065). The
electron temperature pro�les shown in �gure 7a are re-
constructed by the ECE interferometer real-time system
and the shaded regions correspond to the windows used
to calculate P1, as de�ned in equation 3. There, it can be
seen how, during the initial ramp-up phase, the electron
temperature pro�le never becomes peaked and, around
3.5 s from breakdown, it starts hollowing. After reaching
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FIG. 7: (a) Electron temperature pro�les of pulse 94065 up to its disruption. Highlighted are the radial windows
used to estimate the pro�le peakedness as de�ned in equation 3. (b) Evolution of the plasma current and peakedness
during the ohmic ramp up phase of the same pulse. The shaded area and the dashed red line represent the time
interval and threshold that were chosen to de�ne the control system for subsequent pulses. The vertical dash-dot

line indicates the time at which a mode-lock alarm was sent to the real time protection system.
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FIG. 8: (a) Electron temperature pro�les of pulse 95252 during the initial ohmic current ramp (3-6 s). Highlighted
are the radial windows used to estimate the pro�le peakedness as de�ned in equation 3. (b) Evolution of the plasma
current and peakedness during the ohmic ramp up phase of the same pulse. Highlighted is the time region over

which the controller is active. It sends a soft termination instruction when P1 < −0.1 for more than 20 ms. In this
case the system triggered at 3.022 s (vertical dash-dot line).

a critical value, a peaking pro�le is recovered but only
for a very short time, after which the plasma disrupts.
In �gure 7b, the time evolution of the peakedness P1 can
be seen together with Ip. The peakedness reaches a low
point around -0.15 at ∼ 3.5 s. The pro�le remained in
this state a little more than one second, then a locked

mode was detected at 4.912 s. After this, the pro�le
evolved rapidly before the plasma eventually disrupted.

Based on this example and more cases from the 2016
JET campaign6,34, a simple control system was designed,
looking for values of P1 < −0.1 for more than 20 ms in
the time window [3-5.5] s (neutral beam heating would
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be turned on at 6 s). When this condition is satis�ed, a
slow stop trigger is sent to the coils, the heating systems,
the plasma density, shape and position controllers. This
involves immediately turning o� the gas supply and any
form of auxiliary heating while, at the same time, ramp-
ing down the coils current over several seconds. The opti-
cal thickness of the plasma in the radial windows used to
calculate P1 was veri�ed to be high enough (>2) during
the selected time window. This is to con�dently interpret
the radiative temperature measurements provided by the
ECE diagnostic as electron temperature26.
The control system was tested on a series of hybrid

pulses performed during the 2019 JET campaign. The in-
tervention of the controller in one of these pulses (95252)
is shown in �gures 8a and 8b.
In �gure 8a the electron temperature pro�les, as calcu-

lated in real-time by the ECE interferometer, are shown
for the whole controller activation window (3-5.5 s). The
pro�les show clearly a progressive �attening and hollow-
ing, normally associated with impurity in�ux in the core.
In this case, the radial windows used for calculating P1

were not perfectly centred on the minimum and max-
ima of the hollow temperature pro�les. However, the
peakedness metric still captures well the hollowing pro-
cess, as shown in �gure 8b. There, the shaded area covers
the times at which the the controller is active, and the
dashed red line represents its threshold, set at -0.1. In
this case, the controller was immediately triggered (after
20 ms of assertion time) as soon as it turned on. This is
shown by the vertical dash-dot line. The current ramp
was then quickly stopped and the pulse proceeded with
a soft termination.
Since August 2019, this control system has always been

in place when performing hybrid pulses on JET. At the
time of writing, all plasmas that triggered the control
system were terminated successfully, without causing dis-
ruptions.

V. CONCLUSIONS AND OUTLOOK

Data produced by the X-mode ECE interferometer of
JET, are now available to the tokamak real-time sys-
tem. The diagnostic provides absolutely calibrated elec-
tron temperature pro�les, reliably covering the plasma
low �eld side and core for most of the magnetic �eld lev-
els used at JET. The real-time ECE interferometer col-
lects one interferogram every 16 ms. Calculation of the
temperature pro�les takes less than 1 ms, and 2 ms are
necessary to transport the signal from the diagnostic PC
to the real-time protection system. The main approxima-
tion, necessary to assure the speed of the calculations, is
neglecting magnetic �eld components other than the vac-
uum toroidal �eld. This is especially relevant for pulses
with high Ip and low BT for which the e�ects are clearly
evident on the low �eld side pro�les. These e�ects were
observed to not be relevant in the context of the current
application of the real-time system. The main applica-

tion of real-time ECE interferometry, in fact, is the de-
tection of Te pro�le hollowing during the ramp-up phase,
especially in the hybrid plasma scenario.

For this, a simple, robust hollowness metric was de-
�ned and employed as part of a control system that was
tested on hybrid plasmas during the 2019 JET campaign,
in order to avoid dud pulses and conditions favourable
for disruptions. Pulses that displayed excessive hollow-
ness during their ramp-up phase were terminated with a
soft stop that, in all cases, ended the plasma without a
disruption. This control system is currently regarded as
fundamental for the next phase of development of high-
performance hybrid pulses in preparation of the upcom-
ing D-T experimental campaign. In principle, other real-
time actions could be considered, such as gas injection
or central RF heating, with the goal of increasing pulse
e�ciency when nuclear fuel will be employed.

Other applications for real-time ECE interferometry
data are being explored. Among these, the possibility
of relating a decrease in the outer core electron gradient
to the onset of MHD modes often observed to precede
disruptions in various high-performance scenarios.

Work is ongoing at JET to produce a real-time equi-
librium reconstruction, based on EQUINOX36. When
available, this will be integrated with the real-time ECE
calculations in order to better take into account the full
magnetic �eld in the pro�les reconstruction.

The potential for real-time applications of ECE inter-
ferometry will be further explored in the coming months,
with the possibility of connecting also the O-mode in-
terferometer to the real-time data network. Combined
data from both interferometers would allow to have, for
a range of conditions where �rst harmonic O-mode emis-
sion is not in cut-o�, pro�les covering both the low and
high �eld side.
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