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Abstract Advanced tokamak plasma operations
are associated with increased normalized beta and are
often limited by pressure-driven MHD instabilities. A
conducting wall has a beneficial effect increasing the
beta limit, however, the ideal no-wall beta-limit as set
by the resistive wall mode (RWM) has often been a
major obstacle to such operations. The plasma stability
has been investigated recently in JET ITER-like wall
(ILW) advanced tokamak plasmas by applying magnetic
field perturbations using external non-axisymmetric
coils (EFCCs), probing the plasma for its response.
The study presented here investigates the differences
of magnetic field penetration and plasma stability due
to the change from the JET-Carbon (C) wall to the
ILW both experimentally and through MARS-F code
predictions. A reduction of the beta limit reached in
ILW plasmas, of about 12%, has been observed and the
physics of the beta collapse has changed with respect to
the C wall one. These differences are not caused by the
change of the resistive properties of the wall, since the
wall frequency response in vacuum is unaltered, but they
can be associated to a change of the plasma pressure
profile.

I. INTRODUCTION

Stability at high plasma pressure is an important req-
uisite for advanced tokamak scenarios, such as those fore-
seen for ITER and compatible with the steady-state op-
eration of future reactors [1]. Such scenarios rely on in-
creased normalised beta (8y) plasmas for efficient oper-
ation. [y is defined as Sy = BBa/I,, where § is the
ratio of the plasma pressure to the magnetic field pres-
sure, B; the toroidal magnetic field, a the minor radius
a and I, the plasma current. As reported in [2], the
resistive wall mode (RWM), which is a global kink-like,
non-axisymmetric instability, has often been considered
as a major obstacle to steady state operation of advanced
tokamaks. Although the presence of a conducting first
wall tends to increase the (-limit, it is critical to ensure
that the RWM stays stable when the plasma pressure

exceeds the ideal no-wall beta limit, 6%’_“’“”, which is

the limit in the absence of the stabilising influence of
surrounding wall [3].

A safe way of probing no-wall stability consists of ex-
amining the plasma response to externally applied mag-
netic fields. When the plasma pressure exceeds the no-
wall 8 limit, an enhancement of the plasma response of-
ten referred to as Resonant Field Amplification (RFA),
occurs. In particular, the RFA is defined as the ratio of
the plasma response to the externally applied magnetic
field.

Looking for the RFA enhancement as means for the
no-wall limit has been used in scenario development of
high-( experiments in several devices, such as DIII-D [4-
6], JET [7, 8, 10-12] and ASDEX Upgrade [13] tokamaks
and in RFX-mod reversed-field pinch [14]. In particular,
in JET-Carbon (C) wall plasmas, the plasma response to
externally applied rotating magnetic fields has been also
observed to increase before the destabilization of a fast
rotating internal kink or tearing mode and at lower (3,
during ELM-free H-mode periods and before the appear-
ance of the first type-I ELM, as described in [11].

Recently, the JET-C wall has been replaced by an
ITER-like wall (ILW), composed of beryllium for the
main chamber wall and Tungsten in the divertor. In this
work, the first measurements of RFA in advanced sce-
narios in JET-ILW plasmas are presented and compared
with the results obtained in JET-C wall plasmas. The
plasma stability limit so identified has been compared
also with MARS-F code predictions [15].

The manuscript is structured as followed: in section
2 the frequency response of JET wall to magnetic field
perturbations induced by EFCC is characterized. This
study is important to understand if the change of JET
wall has an impact on the magnetic field penetration. In
section 3 the first measurements of RFA in ILW plasmas
are presented in both high and low beta regimes and the
main results obtained are compared with Carbon ones.
The stability limit experimentally identified is compared
with MARS-F code stability results. The summary and
conclusions of this work are given in section 4.



Figure 1: Position of the external error field correction coils
(solid colored lines) and the corresponding saddle loops sen-
sors (dashed lines) on JET.
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Figure 2: Time behaviour of (a) EFCC current and (b) n=1
magnetic field as measured by a combination of signals of mid-
plane saddle loops located in the same octants as the EFCCs.
(c-d) Transfer function between the EFCCs and n=1 con-
nected saddle coils identified using JET-C (blue dots) and
ILW data (red dots). The dashed green line corresponds to
MARS-F code modelling.

II. FREQUENCY RESPONSE OF JET WALL

In the JET tokamak, external non-axisymmetric mag-
netic fields used to probe plasma stability can be ap-
plied using the EFCCs, which consist of four coils, span-
ning each 70° in toroidal angle, arranged symmetrically
around the vacuum vessel and external to it [16]. The
coils are located in octants 1,3,5 and 7 of the vessel
and an odd-n spectrum can be induced by feeding them
with oppositely directed currents when toroidally oppo-
site coils are connected. This is the coil configuration
that has been used in the experiments analysed here.
The response of the plasma to magnetic field perturba-
tions can be measured using a toroidal array of saddle
loops, which are mounted on the low field side midplane
of the vacuum vessel. A sketch of EFCCs and saddle
loops sensors of JET experiment is shown in Fig. 1.

The frequency response of the JET wall to exter-
nally applied magnetic fields perturbations in absence of
plasma has been measured. This analysis is of funda-
mental importance in order to understand if the change
of the JET wall can affect the magnetic field penetration,
and so the eddy currents pattern in the first wall.

An example of JET-C experiment in vacuum is re-
ported in Fig. 2(a-b), where the time behaviour of EFCC
current rotating at 30Hz is shown in the top panel and
the induced n=1 magnetic field, in the bottom one, as
measured by a combination of midplane saddle loops sig-
nals located in the same octants as the EFCCs. Several
vacuum shots with magnetic field perturbations rotating
at frequency up to 100Hz have been analysed. In this
way, the transfer function between EFCCs and midplane
saddle loops can be calculated. The transfer function ex-
perimentally identified is reported in Fig. 2(c-d), where
the blue symbols correspond to C wall data, the red ones
to ILW. The data from the two ensembles of vacuum ex-
periments match well, therefore it is possible to conclude
that the penetration of the external magnetic field is not
sensitive to the change of wall material in JET device.

The MARS-F code, which has been used for plasma
stability studies, has been benchmarked against these
data. In order to obtain a good match, a model with
2 shells has been implemented in the code. The first
shell corresponds to the JET vacuum vessel, located at
r/a = 1.3. Instead, the second one to a thin shell placed
at r/a = 1.7, with a poloidal gap covering about 10%
of the total poloidal circumference, and with the wall
time 10 times larger than the JET wall time. The re-
sistivity in such gap has been increased by a factor 100
with respect to the other region. The position of the sec-
ond shell approximately corresponds to the location of
the JET mechanical support structure. The fit achieved
with this double shell model is reported in Fig. 2(c-d)
with a dashed green line.

III. RESONANT FIELD AMPLIFICATION:
MEASUREMENTS AND MODELLING

First measurements of RFA have been performed in
JET-ILW in advanced tokamak scenarios. The time evo-
lution of the main plasma parameters, i.e. plasma cur-
rent, NBI power, D, and Gy, for one of these experi-
ments is reported in Fig. 3(a-c). The MHD activity, i.e.
amplitude and frequency of several modes, is shown in
Fig. 3(d-e). In this experiment, a 200A current oscillat-
ing at 30H z has been applied to EFCCs connected in n=1
configuration, as show in Fig. 3(f). The induced mag-
netic field perturbation was typically 5 times below the
locked mode onset error field threshold and was not seen
by any other diagnostics except magnetics. By taking
the ratio between the plasma response and the external
magnetic field, the RFA indicator has been calculated.
The plasma response has been measured by a n=1 com-
bination of saddle coils located in octants orthogonal to
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Figure 3: Time behaviour of (a) plasma current and NBI
power, (b) Da, (c) B, (d-e) amplitude and frequency of sev-
eral modes, (f) current in EFCCs and (g) RFA measurement
for 87434 JET-ILW plasma.

the EFCCs. Conversely, the external magnetic field has
been evaluated at the EFCCs position. The behaviour of
RFA as a function of time is reported in Fig.3(g). The
response of the plasma is significantly enhanced when Gy
is around 2.3. The sharp increase of RFA, by a factor 3,
indicates that the plasma is near the no wall beta limit.

After the increase of RFA and in concomitance of a
giant ELM, around t = 44.2s, a § collapse event hap-
pens, as shown in Fig. 3(c). Magnetic crashes associated
with 3 collapses are very fast events, with durations of
the order of ~ 0.5ms, and in this case the sudden loss
of diamagnetic stored energy is about 10%. The time
behavior of diamagnetic stored energy is reported in Fig.
4(a). The event in fact is mainly associated with a degra-
dation of electron and ion temperature profiles as mea-
sured by Electron Cyclotron Emission (ECE) radiometer
and Charge Exchange spectroscopy, respectively, within
R = 3.6m.

In C wall plasmas, beta collapses affected a larger frac-
tion of the plasma volume and were triggered by a global
n = 1 kink-like MHD mode, as described in [23]. In the
experiment analyzed here, since no global n = 1 kink-
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Figure 4: Time behavior of (a) diamagnetic plasma stored
energy, (b) to (d) dominant mode frequency, n order number
and amplitudes of modes before the beta collapse event from
SVD analysis, (e) radial profiles of electron temperature from
ECE measurements and ¢, and (f) time behaviour of elec-
tron temperature from different radial location. The squared
markers correspond to the q=2 rational surface. The vertical
dashed lines coincide with to the time instants of temperature
radial profiles, shown in panel (e). The data corresponds to
the same plasma experiment reported in Fig.3.

like activity has been observed before the beta collapse
event, the Singular Value Decomposition (SVD) method
[20] has been applied to Mirnov coil magnetic measure-
ments in order to identify the MHD modes responsible
of such event.

The SVD technique decomposes the input matrix X,
the magnetic signals, in three matrices U, S, and V. Un-
der the assumptions that data describes travelling sinu-
soidal waves along the toroidal direction, SVD is meant to
be capable of discerning the different sinusoidal contribu-
tions from one another and from the noise. The columns
of the U matrix will give information about the spatial
periodicity of a mode, i.e. the toroidal order number,
and are called as the Principal Axes (PA) of the mode.
Instead, the rows of the V matrix will contain informa-
tion about the temporal periodicity of the mode and are
called as the Principal Components (PC). Finally the S
matrix is a diagonal matrix whose non zero elements are
called as the Singular Values (SV) of the mode, they
gives information about the energy of the mode. The
following identity holds: X = USV. From the above
identity, it follows that the i** column of U, the i*" value
of S, and the i*" row of V are all related, that is to
say that the triplet (PA;, SV;, PC;) describes a given
mode. In case of unevenly spaced coils, SVD cannot pro-
vide an ideal decomposition between different sinusoidal



modes. Two sinusoidal modes can be present in the same
SVD mode. However, the mode with highest energy (the
dominant one) will be represented by the triplet associ-
ated with the first SV, since SVD’ results are ordered
from the higher SV to the lower. From the SVD results
the characteristics of the mode can be extracted: sim-
ilarly to [21] the toroidal order number is evaluated by
calculating the likelihood L,, of the dominant PA with
a theoretical one (Vn) calculated numerically under the
assumptions that only a mode with the given periodic-
ity was present: L, = L1, < PA;,V, >2. The higher
likelihood will indicate the most probable value of n of
the dominant mode in the data. A threshold of 0.5 can
be taken to discriminate the false positives that can be
produced by the noise. The amplitudes of modes with
n = 1,2,3,4,5 are calculated by the following expres-
sion A, = A, >, SV2|PA;V,|*/ Y, SV?2, where A, is
the amplitude of one of the Mirnov coils. The frequency
of the dominant mode is calculated as the maximum of
the spectrum of the PC.

The main results of the SVD analysis are reported in
Fig. 4(c-d) and reveal that a precursor with n=4 mode
number, rotating at 70kH z, is present and it grows ex-
ponentially in few tens of ms before the beta collapse.
The mode location has been calculated using the mode
frequency and the measured radial flow profile calculated
from charge exchange recombination spectroscopy data,
and it is around R = 3.48m, near the ¢ = 2 surface.
The mode position agrees with the one extimated ap-
plying the coherence technique between the pick up coil
and ECE fluctuactions, as described in [19]. The radial
profile of ¢ is plotted in black in Fig. 4(e) and the q=2
rational surface is marked with squared symbols.

Around t=4.2324s, n=1 activity develops and the tem-
perature profile inside the q=2 surface collapses, as
shown in Fig. 4(c)-(e), respectively. Moreover, an in-
version radius in temperature measurements is observed,
around R = 3.54m, as reported in Fig. 4(f). These re-
sults suggest that a magnetic field reconnection event,
induced by the n=4 mode, which is located around the
q = 2 magnetic surface, triggers the n = 1. Then =1
mode then causes the beta collapse event, as shown in
Fig. 4(a).

A statistical analysis, reported in [17], highlights that
beta collapse events happen for S5 > 2.5, value for which
the plasma pressure is beyond the no-wall beta limit as
suggested by RFA. A detailed characterization of beta
collapse events and their effects on plasma performances
in ILW plasmas will be presented in a dedicated paper.

The plasma stability limit identified in advanced sce-
narios on JET-ILW plasmas has been compared with
the results obtained during C wall operations when RFA
measurements are available. As opposed to C wall
plasmas, the RFA technique has been applied in a re-
stricted database of discharges, characterized by gqmin
value around 1.7. In any case, it is possible to compare
C wall and ILW results, since RFA measurements in C
wall plasmas with ¢,,;, ~ 1.7 are available.
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Figure 5: Oy at the time instant when RFA shows a pro-
nounced increase as a function of ¢min. Each symbol type
represents a different pulse. Blue dots correspond to C-wall
plasmas, instead red ones to ILW ones.
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Figure 6: Radial profile of (a) q and (b) normalized plasma
pressure for the C wall plasma described in the text, in blue,
and ILW one, in red.

The dependence of the Gy, when the RFA increases
sharply, on the minimum q is shown in Fig.5. The value
of ¢min has been determined from the EFIT code [18]
reconstruction which includes motional Stark effect and
low-n MHD activity measurements as constraints. In the
figure, different colours correspond to different JET wall
plasmas: blue for C wall, red for ILW ones. The decrease
of Bn increasing the ¢, has been already documented
in the past, as reported in [11], and it is mainly due to
the dependence of plasma stability on the current profile.
The new RFA data, collected during ILW experiments,
follows the same trend of the C wall ones. More data
needs to be collected at different q values in order to
confirm the same Carbon wall dependence. Note that,
the new RFA data is located in the low part of the trend.
Small changes in pressure and current density profiles be-
tween C and ILW cases, in particular close to the pedestal
region, may cause significant changes in the RWM-driven
beta limit [12]. The reason why ILW plasmas reach lower
values of By with respect to C wall ones has been inves-
tigated using the MARS-F code.



The MARS-F code is a linear ideal MHD code which
has been used extensively to study the no-wall limit in
JET plasmas as documented in [7, 8, 24-26]. The ver-
sion of the code which takes into account a damping of
the perturbed toroidal motion of the plasma due to par-
allel viscosity has been considered here. A strong sound
wave damping coefficient (k) = 1.5) has been used, as
suggested by a previous study [25].

For the stability analysis, the 87434 plasma at t =
44.05s has been considered. The radial profile of the
magnetic equilibrium is reported in red in Fig. 6(a).
The plasma stability limit is determined by scanning
the plasma pressure while the flux surface averaged
toroidal current density profile and the shape of the pres-
sure profile are held constant as a function of poloidal
flux. Fig.7(a) summarizes the code stability study re-
sults which are indicated with a green dotted line and
the experimental data is marked with red dots. Note that
the measured pressure limit threshold, around 2.3, agrees
reasonably well with the MARS-F code predictions.

The same stability analysis has been carried out for a
C wall plasma which has a similar magnetic equilibrium
of 87434 experiment, as shown in blue in Fig. 6(a), but
reaches an higher Sy value, around 12% with respect to
the ILW one. This experiment is marked with a blue
square in Fig. 5. The trend of RFA as a function of Gy
is reported in Fig. 7(b). The experimental data, marked
with blue dots, suggest that the plasma is approaching
the beta limit around 2.6. Note that in this experiment,
a hysteresis pattern can be observed in the trend RFA as
a function of By. The time history is highlighted with
arrows. Here, the 3 fall is caused by a reduction of the
NBI heating power, instead the decrease of the plasma
response is associated with the evolution of the q pro-
file. In the same figure, MARS-F code calculations are
reported and are indicated with a green dotted line. Also
in this case, the modelled stability limit agrees with the
[ limit experimentally identified.

The difference in critical Sy between C and ILW plas-
mas analysed here might be explained by the plasma
pressure profile. The radial profiles of plasma pressure
are reported in Fig. 6(b). The shape of the pressure
profile can be expressed in terms of the pressure peaking
factor, defined as Py/ < P >, where Py is the pressure
on axis and < P > is the volume-averaged pressure. As
reported in [27], plasmas with strongly peaked pressure
profile, or a high pressure peaking factor, encounter a
stability limit at low By, while plasmas with broad pres-
sure profiles, or low pressure peaking factor, reach much
higher betas.

The C wall plasma has a pressure peaking factor of
1.8, instead the ILW one is around 2.3. This implies that
the C wall plasma has a broader pressure profile than
the ILW one. The lower beta limit encountered in the
ILW experiment therefore is associated with the plasma
pressure profile, in agreement with the plasma stability
analysis described in [27]. Generally, in ILW plasmas a
change of plasma pressure profile has been observed; with
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Figure 7: RFA as a function of the normalised plasma pressure
of (a) a ILW and (b) a C wall plasma. The dots correspond to
experimental data, the dashed green curve to MARS-F code
prediction using k| = 1.5.
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respect to C wall profiles an increase of edge pedestal
pressure and core pressure peaking, especially at high
power, has been obtained [28].

It is worth mentioning that an increased RFA has been
observed at low [y in some ILW plasmas, as also ob-
served in C wall ones [12, 25]. Figure 8 shows the time
behaviour of By and D, signals and RFA for a C wall
plasma in panels (a-b) and for a ILW one, in (d-e). The
RFA as a function of Sy is reported in Figures 8(c-f).
The two RFA peaks occur at Gy values about 2.1 and
1.2, for the C and ILW plasmas, considerably below the
estimated no-wall beta limits, which is about 2.8 and 2.3,
respectively. Note that, the first ELM in the ILW plasma
appears at lower S with respect to the C wall one. This
is because during ILW operations increased Dy gas rates
are used compared to JET-C ones in order to avoid large
impurity influxes of Tungsten into the plasma. The am-
plification of the plasma response in both cases happens
prior to the first ELM, as indicated by D, measurement,
in low pressure regimes. This behaviour is connected
with the development of the edge current density dur-
ing the ELM-free period, which destabilizes the n = 1



ideal peeling mode. Such modes couple with the internal
n=1 mode lowering the stability limit, thus increasing
the RFA [25].

IV. CONCLUSIONS

In this work, the response of advanced JET-ILW toka-
mak plasmas to n=1 resonant magnetic field perturba-
tions applied through the EFCCs system has been de-
scribed and the main results have been compared with
the ones obtained during JET-C wall operations. The
frequency response of the wall to magnetic field pertur-
bation in absence of plasma has been characterized and
the change of the wall from Carbon to a combination of
Beryllium and Tungsten has no effects on the magnetic
field penetration.

In the presence of plasma, an increase of RFA at low
On has been observed and this happens before the trig-
gering of the first ELM. Such behavior is similar to pre-
vious observations with C wall and it has been explained
by the response of marginally stable low n ideal peeling
modes which couple with the internal n=1 mode, lower-
ing the plasma stability limit. Note that in ILW plasmas
the first ELM appears at lower Gy values than the C ones
since increased gas puffing is used to avoid Tungsten con-
tamination.

At higher plasma pressure, beta collapse events have
been observed in ILW plasmas and the triggering mecha-
nism is quite different from C wall one: in C wall plasmas
the beta collapses were triggered by a global n=1 kink
mode which affected all of plasma volume. Instead, in the
recent experiments, a global n=1 kink mode is not visible
in the magnetics before the events, but in few tens of mil-
liseconds, fast high-n MHD activity develops around the
q=2 surface, which triggers the n=1 mode responsible of
the beta collapse.

Probably the change of the pressure profile, associated
with the presence of heavy impurities [28-30] and the ab-

sence of C radiation, is responsible of the different MHD
between the ILW and the C wall. A characterization of
the MHD precursors before the beta collapse events and
the effect of such events on kinetic profiles in ILW plas-
mas will be described in a separate paper.

In such high plasma pressure regimes, the values of
RFA reached in ILW plasmas are compatible with the
ones obtained with C wall despite 3y being 12% lower.
The MARS-F code has been used to investigate plasma
stability and good agreement between the experimental
beta-limit detected using the RFA technique and the one
predicted by the model has been obtained. The evidence
of lower By reached in ILW plasmas with respect to the
C wall ones has been investigated and it relies on the
plasma pressure profile. As predicted by theory [27],
plasmas with the same magnetic equilibrium but with
peaked pressure profiles are more unstable.

Generally, more RFA measurements need to be
collected in future ILW experiments in order to com-
pare the plasma stability limit in a wide range of
magnetic equilibria.  On the modelling side, com-
puting the self-consistent drift kinetic response [31] of
the high § plasmas in JET device remains as future work.
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