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ARTICLE INFO ABSTRACT

Keywords: Operations using deuterium-tritium (DT) mixtures are envisaged in JET device in the forthcoming 2020 ex-
JET perimental campaign. These experiments will offer a unique possibility to study several open issues in support to
Plasma ITER and DEMO, such as alpha particle heating, and to improve the high plasma performance obtained in the
previous DT campaign Keilhacker et al. [1]. During DT operation, each plasma discharge will be a precious
resource, being both T and neutron budget limited. It will be thus mandatory to promptly detect and safely
terminate those plasma discharges which do not achieve the expected target parameters. A real-time detector of
underperforming discharges has been developed for this purpose and it is named the dud detector. The dud
detector calculates and monitors the time evolution of plasma performance indicators, which can be used to
trigger an alarm and a proper plasma termination. The experience gained on the algorithm's behavior during DD
operation will allow the use of this tool during DT operations and can be used as a guide to design dud detectors
for ITER and future fusion reactors.

Real-time control
DT

1. Introduction forthcoming 2020 experimental campaign. JET, thanks to its capability
to operate in T and the wide coverage of diagnostics, offers a unique
and invaluable opportunity for testing new control algorithms for
burning plasmas, to further progress our understanding in fusion power
production and to extrapolate it towards ITER and the next step fusion

reactors.

The ultimate aim of fusion research is the production of fusion
power. Substantial fusion power was produced in two large fusion de-
vices: TFTR (10.7 MW) [2] and JET (16 MW) during its first Deuterium-
Tritium (DT) campaign, DTE1 [1]. Such records were achieved by using

equal concentrations of D and T since in this case the fusion reactivity is
much higher than using other fuel mixtures, and thus more fusion re-
actions can occur.

In DT operations, care has to be taken to reduce the T inventory as
much as possible to minimize any escape of T [3] and to restrict the
total number of DT neutrons in order to limit the activation of the
machine. The technological development for safe handling of T and for
remote handling of activated materials is therefore required for such
operation, and plasma experiments should be carefully scheduled to
optimize the consumption of the limited T and neutron budgets, while
maximizing the physics and engineering outcomes.

In the JET device, DT plasma operations are envisaged in the

The upcoming JET DT campaign will be performed after major
upgrades which have been carried out in the two decades since DTEL.
Among the various upgrades, the most notable is the installation of a
new Tungsten (W) and Beryllium first wall, i.e. the ITER-like wall
(ILW), which replaces the previous Carbon (C) wall [4] and the avail-
ability of higher auxiliary heating power, in both the NBI and ICRH
systems ("22.5 MW of NBI + ~ 3 MW of ICRH were available in DTE1,
while © 34 MW of NBI + ~ 8 MW of the ICRH will be available in the
forthcoming DT campaign). During the DT campaign, the plasma dy-
namics will be studied in various plasma scenarios which have been
carefully optimized in the last decades to maximize the fusion perfor-
mance.
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The 14 MeV DT neutron budget has been increased from 0.3 x 10%!
in DTE1 to 2.1 x 10%'. The usage of T in any one day has been in-
creased from ~ 2.4 barl to ~ 44 barl, thanks to the overnight regenera-
tions of divertor and neutral beam cryogenic pumps [5]. T inventory
and neutron activation will be monitored pulse by pulse, to rigorously
fulfil the key safety requirements and the safety metrics adopted for DT
operation.

To save neutron and T budgets during DT operation, it is highly
desirable to use a real-time algorithm that safely stops underperforming
plasmas, i.e. beta too low, fusion power below expectation, plasma not
steady, or unhealthy conditions that will compromise the experiment
goals, i.e. inadequate heating power, deleterious MHD activity, ex-
cessive radiation, incorrect fuel mixture.

One such dud detector algorithm has been developed, calculating
and monitoring the time evolution of various plasma performance in-
dicators, which can be used to trigger an alarm and a proper plasma
termination.

In this work, Section 2 deals with the plasma performance indicators
used in the dud detector for baseline and hybrid plasmas. Section 3 is
focused on the reliability of the dud detector in identifying under-per-
forming plasmas. Section 4 describes the integration of the dud detector
with other real-time controllers which will be used in the forthcoming
DT campaign and its coupling with a proper plasma termination. Sec-
tion 5 gives the conclusions.

2. Development of the dud detector

In DTE1, a simple dud detector was used consisting in monitoring
whether the neutron rate, R,, remained above a pre-determined curve
[6]. This curve discriminated between plasmas showing ‘good’ and
‘bad’ performance.

Fig. 1(a-b) show the time behavior of the prescribed curve of the
neutron rate, represented with a solid line, together with the measured
R,; and the NBI power of a ‘good’ and a ‘bad’ plasma performed during
DTE1 [1], indicated with dashed and dotted lines, respectively. In the
‘good’ performing plasma, a peak of fusion power of about 12 MW was
reached, before the high performance phase was terminated by a giant
ELM, at around t = 13.4s. This was the typical behavior of the so-called
hot-ion H-mode, where the high performance phase was always ter-
minated by a giant ELM after 1-2 s. In contrast, the aim of the upcoming
DT campaign is to run stationary plasmas, maintaining reasonably

DTE1
Ry [x 10 18] (s) PR (@

O—= N WPH» OO

30F
20F
10

1725 sl 5 Q) S D sl 4::0

Time (s)

12.0

Fig. 1. Time behavior of (a) neutron rate and (b) NBI power of a ‘good’ and a
‘bad’ performing plasma during DTE1,represented with dashed and dotted
lines, respectively. The solid curve in panel (a) represents the pre-determined
curve used to discriminate ‘good’ and ‘bad’ performance during DTEI.
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steady fusion power for durations up to 5s.

In preparation for DT experiments, a new dud detector has been
developed. Under-performing plasmas can be identified by the dud
detector on the basis of plasma performance indicators. If the plasma
performance is not as expected, the dud detector can raise an alarm and
initiate a plasma termination.

At present, the most promising indicators for dud detection are the
Hippos(y;2) and the neutron rate normalized to the plasma stored energy
squared, Ry / W2

Hippos(y;2) is the ratio between the plasma energy confinement time,
tg, and the confinement time expected from the empirical, multi-ma-
chine energy confinement scaling law, Tipp(y;s), defined in [7]. In par-
ticular, T, TipB(y;s), and Hippos(y;2) are expressed as follow:

g = Wuw/P (€]
Tipaos(y = 0.0562 [,0-93B0-15,041p=0.69 R1.39 07805871019 @
Hipgos(y;s) = Te/TipBOS(y;s) 3)

where Wy, is the plasma diamagnetic energy neglecting the energy
associated with the fast ion energy [8], P is the loss power flowing
across the separatrix, I, is the plasma current, B is the magnetic field in
vacuum, n the volume averaged density, R is the major radius, k is the
plasma elongation, a is the minor radius and M is the main ion mass
number.

The scaling of Ry, versus W,” covers the dependence of the neutron
rate from thermonuclear, beam-beam and beam-plasma reactions on
the squared of thermal and fast particle energies. For a given species
mixture, variations in the reactivity can arise from variations in plasma
profiles, ion and electron temperature, impurity concentration and
beam energy. Therefore any reduction with respect to the expected R,,;/
sz scaling is considered as a symptom that the plasma is in distress.

Hipgos(y;2) and Rm/Wp2 are envisaged as plasma performance in-
dicators since they are easily and robustly estimated on the basis of the
available real-time signals on JET.

A statistical analysis of the plasma performance indicators has been
carried out for a database of DD plasma discharges from 2015 to 2017
to empirically identify the thresholds that discriminate a ‘good’ and
‘bad’ plasma, and assess their dependence on the plasma scenario.

Fig. 2(a-b) show the time evolution of Hippogy;2) With respect to the
switching on of the NBI system while Fig. 2(c—d) show R, as a function
of sz. Each data point represents the mean value of the above men-
tioned quantities over 0.2s, which is about an energy confinement
time, to discard transients in the plasma behavior. Data has been cal-
culated during the NBI heating phase since the NBI system is used in
most JET discharges and since it provides more auxiliary heating power
than the ICRH system. Data refers to baseline and hybrid scenarios,
operational regimes that are investigated in JET machine in preparation
to ITER operation [9].

Note that the statistical analysis shows that both the scenarios have
reached Hippog(y;2) > 1, thus good energy confinement time, well above
the empirical, multi-machine energy confinement scaling law.
Moreover, the analysis demonstrates that the scaling factor from W, to
R, depends on the plasma scenario. In fact each scenario follows dif-
ferent routes to achieve high neutron rate, thus high fusion power. The
baseline scenario achieves high neutron rate by reaching the highest
plasma stored energy, by operating at high plasma current, (up to
3.5MA at present — higher in the future). Conversely, the hybrid sce-
nario produces most neutrons per MJ of plasma stored energy, by op-
erating in low density, high temperature plasma regimes.

Since the aim of the dud detector is to monitor the plasma perfor-
mance, thresholds on the plasma performance indicators have to be
defined for alarm generation. The thresholds on plasma performance
indicators can be empirically identified considering the analyses re-
ported in Fig. 2. It is worthwhile to stress that the thresholds valid for
DD plasmas cannot be used directly for DT operation. For example, the
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Fig. 2. (a-b) Time behavior of Hipgog(y;2) relative to the switching
on of the NBI system and (c-d) neutron rate as a function of the
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plasma stored energy squared. Data with Hipgog(y;2) > 75% of the
maximum achieved Hipgog(y;2) is indicated in green and red for
baseline and hybrid scenario, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article).
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expression for Hipgog(y;2) depends on the ion mass number, thus on the
fuel mixture. The latter also affects the neutron rate, which can be es-
timated using TRANSP [10] and JESTOOR [11] predictive modelling,
for a given plasma scenario. This model-based prediction can provide a
first indication of the threshold for dud detection, which will be opti-
mized empirically as the DT plasma performance evolves.

For DT operation, the dud detector using Hippog(y;2) and Rnt/Wp2 as
plasma performance indicators could be supplemented with other ITER-
relevant metrics such as Q, the ratio between the fusion power and the
power required to maintain the plasma in steady-state, and the nor-
malized fusion gain G. G is defined as G=y HIpng(y;z)/qgsz, where By
= Ba/I, and B is the plasma pressure normalized to the magnetic field
pressure and qgs is the safety factor at 95% of the normalized poloidal
flux [12].

3. Performance analysis of the dud detector

The algorithm behavior has been investigated, by running it offline,
to choose the optimal options for the real-time implementation in order
to strike the best compromise between false and missed detections. For
this analysis, thresholds on the plasma indicators have been chosen and
the plasma performance has been scrutinized in two time windows.

The criteria chosen to define a well performing or non-dud plasma
are: Hippog(y;2) > 75% of the maximum Hipgog(y;2) achieved and the R,/
W,,? ratio being more than the 75% of an empirical threshold defined in
the following.

A threshold value equal to 75% of the maximum Hipgog(y;2) achieved
has been chosen since it seems reasonable to consider plasmas which
have high energy confinement time. The ensemble of data that fulfills
this criterion is represented with full dots in Fig. 2, in green and red for
baseline and hybrid plasmas, respectively.

Note that both the ensembles have energy confinement similar to, or
greater than, the one statistically foreseen in other magnetic fusion
devices, based on the trend reported in Eq. (2).

A plasma, besides having satisfactory energy confinement time,
should also have large reactivity. The empirically defined threshold of
R,/W,> has been determined by using a linear regression method on
the ensemble of data that has Hipgog(y;2y > 75% of the maximum

W, (MJ)]2

achieved Hipgog(y;2). The result of the linear regression is indicated with
a solid line in Fig. 2(c—d). In the same figures, the lower threshold
value, i.e. 75% of the empirically identified one, is shown as a dashed
line. Note that the Rm/Wp2 threshold of the baseline scenario differs
from the one for hybrid scenario because these scenarios reach high
neutron rate through different routes, as discussed in the previous
section.

The plasma performance has been classified based on 5 possible
types of behavior, reported in Table 1. These types of behavior, re-
presenting the different plasma performance trajectories that can occur,
have been scrutinized on two time windows, AT1 and AT2, as re-
presented in the sketch reported in Fig. 3.

The algorithm has been set up to avoid premature dud detection. As
a matter of fact, the detector exploited during DTE1 was not activated
from the beginning of the NBI phase, but 0.5 s after it is switched on, as
shown in Fig. 1(a), to allow the plasma to enter in H mode and to
improve its performance. Similarly, in the new version of the dud de-
tector, a warming-up time has been introduced. The warming-up time
has been empirically tuned to minimize the premature dud detection
and it is about 1s for the baseline scenario and 0.4s for the hybrid
scenario.

The dud detector does not raise an alarm during the warming-up
phase. However, if in this phase the auxiliary heating power will be
inadequate and/or the impurity content will be unacceptable for the
target experiment, the dud detector can still terminate the discharge
early.

Table 1

Statistics of plasma performance in baseline and hybrid plasmas considering the
plasma performance criteria and during the time intervals described in the text.
The numbers which are not in brackets refers to a length of window AT2 of
0.5, while the numbers in brackets refers a length of window AT2 of 1.0s.

AT1 AT2 Baseline (%) Hybrid (%)
Non-dud Non-dud 52 (45) 42 (34)
Non-dud Dud 11 (17) 6 (14)

Dud Dud 29 (31) 41 (43)
Dud Non-dud 5(4) 9(7)

Dud/ Non-dud No samples 313 2(2)
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Fig. 3. Sketch representing dud detection based on a possible time evolution of
a plasma performance indicator in a baseline or hybrid plasma and the corre-
sponding threshold value which discriminates a plasma with ‘good’ (non-dud)
and ‘bad’ (dud) performance.

The statistical analyses of Hippog(y;2) versus time reported in
Fig. 2(a-b) suggest a possible timing for detecting dud plasmas. Baseline
plasmas reach the best plasma energy confinement after about 2 s of the
switching on of the NBI power, while the maximum performance in
hybrid plasmas is reached after 1.4s. As represented in the sketch re-
ported in Fig. 3, AT1, the first time window for plasma performance
investigation, has been then chosen to last from 1s to 2s for baseline
plasmas, from 0.4 s to 1.4 s for hybrid plasmas. Two different durations
of the second time window AT2, i.e. 0.5s and 1s, have been chosen
arbitrarily to study how the plasma performance evolves with time.

The performance analysis of the dud detector algorithm during AT1
and AT2 is summarized in Table 1. Notably, the numbers which are not
in brackets refers to a length of window AT2 of 0.5 s, while the numbers
in brackets refers a length of window AT2 of 1.0s. This analysis shows
that a large fraction of hybrid and baseline plasmas has good perfor-
mance: more than 60% and almost 50% of baseline and hybrid plasmas,
respectively, can be classified as non-dud in AT1. Note that the number
of false triggering alarms, i.e. plasmas that are seen as duds in AT1 and
non-duds in AT2, is relatively small, proving that the algorithm is well
tuned. The statistics of AT2 with different time durations highlights that
some discharges, despite having good performance in AT1, are be-
coming dud plasmas in AT2, for example, because of impurity accu-
mulation and deleterious MHD activity. Various real-time controllers
have been developed to avoid or to alleviate the effect of such events on
the plasma dynamics [6] and these will be tested in the upcoming ex-
perimental campaign.

It is worthwhile stressing that the time windows shown in Fig. 3
have been defined only to perform the algorithm performance study.
During plasma operation, the dud detector will monitor the plasma
performance continuously, with alarms being issued as soon as the
performance is deemed unsatisfactory. An assertion time over 0.2s,
which is about an energy confinement time, has been envisaged to
allow the plasma to recover from transient events.

In the upcoming DD operation, the present version of the dud de-
tector could be already exploited to build up experience in view of DT
operation and, more specifically, to develop non-disruptive responses to
a trigger, as discussed in the following section.

As mentioned in the previous section, TT operation is also planned
in the JET device before DT experiments. During TT operation, the dud
detector should be used to minimize consumption of T. In this case, the
plasma performance indicator Rm/Wp2 will not be a metric of plasma
performance but will represent the content of D in T plasmas.
Therefore, new plasma performance indicators should be adopted for
dud detection. The development of the dud detector and other real-time
controllers for TT operation will be described in a dedicated paper.

4. Integration of the dud detector with other real-time algorithms
and ad-hoc plasma termination

The dud detector during DT operation will work in synergy with
other real-time algorithms. First of all, the isotope mixture control will
be of fundamental importance to guarantee the optimal DT mixture
(°50/50) to achieve maximum fusion power. This algorithm, which is

Fusion Engineering and Design xxx (XXXX) XXX—XXX

under-development and will be described in details in a separate paper,
will allow the real-time control of multiple gas valve opening and beam
waveforms. If the required DT fuel balance wouldn’t be obtained be-
cause of gas system failure, for example, the dud detector will trigger an
alarm. Besides this, the dud detector will work in combination with
other real-time algorithms available in the real-time central control
system (RTCC) which allow for steady-state plasma operations by
controlling a large number of plasma properties by using the additional
heating and fueling systems as actuators. Examples of controlled
parameters are plasma density, beta, ELM frequency and thermal load.

Once an alarm is triggered by the dud detector, the response is
handled to by the JET real-time protection sequencer (RTPS). The
nature of the response will depend on the plasma scenario and will
trigger appropriate actions to terminate the plasma rapidly and safely,
without inducing a disruption. During DT operation, it will be essential
that the RTPS stops the T fueling as soon as possible, to minimize the T
inventory, and decreases additional heating power to minimize the
neutron production. The optimal recipe for plasma landing will be
identified in the upcoming experimental campaign where dedicated
experimental time is allocated for testing a range of termination sce-
narios.

5. Conclusion

JET, uniquely among present-day fusion experiments, will offer the
capability of operating in DT, making its results particular relevant for
advancing the physics and operational knowledge needed for the rea-
lization of a fusion reactor.

In preparation for such operation, the development of a real-time
algorithm that optimizes the consumption of T and neutron budgets has
been developed and presented in this work. The dud detector relies on
plasma performance indicators to judge the evolution of the discharge.
If a pulse is deemed not to be performing sufficiently well, the dud
detector will raise an alarm and instigate a proper plasma termination.

In the near future, the dud detector could also be coupled with the
advanced real-time plasma state observer RAPTOR [13], which is under
development in JET. This tool will allow the identification of optimal
actuator trajectories to improve the plasma performance, supporting
the plasma scenario development and providing plasma performance
indicators for dud detection. Furthermore, RAPTOR can detect and
handle diagnostic faults by providing model-based estimation of plasma
signals, thus improving the reliability of real-time control.

The experience gained on the dud detector’s behavior during JET DT
operation can be used as a guide to design dud detectors for ITER and
future fusion reactors, which will use the same DT fuel mixtures to
achieve high fusion power.
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