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ABSTRACT

New H-mode regimes with high confinement, low core impurity accumulation, and small edge-localized mode perturbations have been
obtained in magnetically confined plasmas at the Joint European Torus tokamak. Such regimes are achieved by means of optimized particle
fueling conditions at high input power, current, and magnetic field, which lead to a self-organized state with a strong increase in rotation and
ion temperature and a decrease in the edge density. An interplay between core and edge plasma regions leads to reduced turbulence levels
and outward impurity convection. These results pave the way to an attractive alternative to the standard plasmas considered for fusion
energy generation in a tokamak with a metallic wall environment such as the ones expected in ITER.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072236

INTRODUCTION

The construction of the tokamak ITER1 will clarify the possibili-
ties of nuclear fusion of deuterium (D) and tritium (T) by magnetically
confined plasmas as a reliable source of energy. ITER operation will
combine a significant number of challenges, such as the simultaneous
requirements of high stability and confinement of plasmas. From

present day experiments, it is well known that confined plasmas lead
to instabilities of different natures, such as microturbulence or magne-
tohydrodynamics (MHD), which are generated by strong temperature
and density gradients and that can severely degrade the thermal con-
finement. Furthermore, the presence of a metal wall generates high Z
impurities that can be transported to the plasma core by such
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gradients, polluting the plasma and generating unacceptable levels of
radiated power, which can damage the plasma confinement and lead
to disruptions.

The preferred mode of operation in ITER, the H-mode,2 exem-
plifies such difficulties. Although the confinement is enhanced with
respect to other operation regimes due to the build-up of the so-called
pedestal at the plasma edge, i.e., a region where heat and particle trans-
port is vastly suppressed, the strong gradient formed leads to MHD
instabilities called Edge Localized Modes (ELMs).3 ELMs result in the
periodic, rapid expulsion of edge plasma, leading to erosion and ther-
mal stresses of the plasma facing components. Simultaneously, experi-
ence in tokamaks shows that ELMs are beneficial for preventing
impurity penetration in the plasma core, and in particular, in metal
wall devices, they regularly flush the generated tungsten (W) from the
plasma facing components when their frequency is high enough.4,5

However, high-frequency ELMs, usually obtained in conditions of
strong particle fueling by gas puff injection, lead to thermal energy
confinement degradation.5 Low neutral gas injection can be used to
improve the confinement, but this typically leads to a strong reduction
in the ELM frequency and, as a result, the beneficial effect of impurity
flushing by ELMs is significantly reduced. This, in the presence of the
metal wall, causes an increase in high Z impurity content in the core
region, which often leads to a radiative collapse, increasing the risk of
a plasma disruption.6 Therefore, finding a plasma state with high ther-
mal confinement, resilient to impurity accumulation with ELMs in a
metal wall, has become a challenge in the magnetically confined fusion
field.

In this paper, a new path toward edge plasma control and high
thermal energy confinement is shown. Plasma regimes with small
ELMs compatible with high core thermal energy confinement, fusion
power, and low or absent impurity accumulation are found at the
Joint European Torus (JET).7 This is obtained through a regime

involving the interplay between core and edge plasma regions in con-
ditions close to the so-called baseline or inductive scenario,8 which is
the ITER main plasma operational regime. This represents an attrac-
tive alternative to other small ELMs regimes,9–13 as these JET results
are relevant for the initial ITER D–T phase, where the inductive sce-
nario will be developed.

EXPERIMENTAL RESULTS

Recent experiments in JET have demonstrated new H-mode
operating regimes with simultaneous access to small high-frequency
ELMs and high thermal energy confinement, high D–D fusion reac-
tions, and low high Z impurity accumulation in the plasma center,
henceforth called Baseline Small ELM (BSE) regimes. The accessibility
to such regime relies on the addition of high input power at high cur-
rent and magnetic field and the optimization of the D neutral gas par-
ticle injection either by completely removing it or by partially
replacing it with pellet injection.14 Furthermore, the addition of small
Ne quantities is observed to be beneficial for ensuring a stationary
plasma. It is important to emphasize that the small ELMs observed in
these new operating H-mode regimes achieved in JET have been
obtained with simultaneously q95 ¼ 3.2, bp < 1; H98ðy; 2Þ � 1:0 and
low pedestal collisonality, ��e < 0:4 (calculated following Ref. 12). This
means that the BSE regime covers a different physics space than the
other small ELM regimes obtained previously in ASDEX Upgrade
(AUG-U),11 EAST,15 or JT-60U9,16 and, therefore, may provide a new
path to the initial D–T plasmas expected in ITER.8 This can be clearly
observed in Fig. 1, where two BSE plasmas, #94442 and #96994, are
compared to other small ELM regimes from different tokamak
devices.

In order to exemplify the type of plasmas obtained with the BSE
regime, three discharges, #94442, #96994, and #97472, are compared
to a typical type-I ELM discharge, #97395, in Fig. 2(left). All these

FIG. 1. Comparison of the JET BSE discharges #94442 and #96994 with other small ELMs regimes in the diagram bp vs ��e . Reproduced with permission from Oyama et al.,
Plasma Phys. Controlled Fusion 48, A171 (2006). Copyright 2006 IOP Science.
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discharges share a common configuration, with toroidal current, Ip
¼ 3 MA, toroidal magnetic field, Bt¼ 2.8 T, q95¼ 3.2, and a low trian-
gularity configuration, d ¼ 0:23. In addition to the Neutral Beam
Injection (NBI) heating, 4MW of Ion Cyclotron Heating (ICRH) was
applied to all the discharges. The pulses #97395, #96994, and #97472
have the same total input power, 32MW; however, the particle source
is provided in different ways. Whereas for the pulse #97395, the deute-
rium source is provided with a D gas puff, with a flux rate of
CeðDÞ ¼ 2:5� 1022 s�1, in the case of #96994, it has a mixture of D
gas puff at a reduced rate, CeðDÞ ¼ 0:4� 1022 s�1, Ne injection,
CeðNeÞ ¼ 0:8� 1022 s�1, and 2mm D pacing pellets at frequency
f¼ 45Hz. Recent experiments in JET,17 which studied the possibility
of Ne as an external radiator impurity for ITER detachment condi-
tions, showed that the size of ELMs is reduced with the injection of
Ne. Therefore, the addition of small quantities of Ne was tested in
some of the baseline plasmas discussed here. The quantity of Ne
injected is small compared to the one used in highly radiating scenar-
ios,17,18 as otherwise the neutron rate can significantly decrease.19

Unlike in the highly radiating scenarios mentioned above, the divertor
remains attached in the BSE regime with Ne injection.

In the case of #97395, regular type-I ELMs at fELM ¼ 45Hz are
obtained, with a relative average plasma energy loss during individual
ELMs of DWELM=WMHD ¼ 2:2%. However, the discharge #96994 has
a compound ELM behavior,20 with isolated large ELMs followed by
long periods of faster and smaller ELMs, with frequencies up to fELM

¼ 400Hz, resulting in a significant reduction of the averaged energy
ELM losses, DWELM=WMHD ¼ 0:8%, as shown in Fig. 2 (right). In
terms of performance, #96994 performs better as both the thermal
stored energy and neutron rate production are higher than the stan-
dard type-I ELMy H-mode #97395, although both have fGr ¼ 0.7.
Furthermore, in the discharge #96994, the total core radiated power
remains steady with no impurity accumulation in the inner core, i.e.,
close to the plasma axis, unlike other high confinement scenarios at
JET with type-I ELMs.6 It is important to stress that, in terms of global
parameters, the discharge #96994 is close to what it is expected
for the inductive scenario in ITER,8 H98ðy; 2Þ ¼ 1:05; bN ¼ 2:1; bp
¼ 0:8; q95 ¼ 3:2 with ��e ¼ 0.37.

The accessibility to high confinement small ELMs regimes is very
broad. Such regime is also obtained specifically at zero gas injection, as
shown in Fig. 2(left) for the discharge #94442, heated with 17MW of
NBI power and with no pellets or Ne injection. In this case, fELM
reaches high values, varying from 600 to 100Hz, and the size of ELM
becomes so small that the drop in energy associated with single ELMs
is within the noise level of the fastWMHD signal (�50 kJ) resulting in a
maximum estimated ELM energy loss of DWELM=WMHD ¼ 0:6%.
The small ELMs obtained in the BSE scenarios are associated with an
averaged ELM energy loss normalized to the pedestal energy (WPed) of
DWELM=WPed ¼ 3%–5% which, if achievable for plasma conditions
that meet the requirements for the ITER Q¼ 10 operation, would be
compatible with an acceptable divertor lifetime.21

FIG. 2. Time evolution summary of the type I-ELM discharge #97395 and small ELMs discharges #94442 and #96994. H98ðy; 2Þ is defined as the thermal energy with respect
to the energy from the IPB98 scaling.37 bN ¼ baBT=Ip½%� with b the ratio between magnetic and thermal pressure. Rnt is the neutron rate from fusion reactions. fGr the ratio
of the average density to the Greenwald density38 (left). ELM frequency, total plasma energy WMHD, and BeII line emission from the inner divertor for the discharges #97395,
#96994, #94442, and #97472 (right).
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The electron density continuously decreases after stopping the
injection of neutral gas, reaching a stationary value of Fgr ¼ 0.3 at
t¼ 11.4 s. During the phase with no gas injected, H98ðy; 2Þ and Rnt
continuously increase, reaching values close to the discharge #97395,
which is heated with more NBI power. No impurity accumulation
in the plasma center is detected and ��e reaches ITER expectations,
��e ¼ 0.1.

The injection of Ne is shown to be beneficial for decreasing the
size of ELMs and increasing their frequency. This is shown in
Fig. 2(left) for the discharge #97472, which has increased Ne injection,
CeðNeÞ ¼ 3� 1022 s�1, compared to #96994. Clearly, the size of
ELMs is reduced and their frequency has increased for the discharge
#97472.

It is important to clarify how plasmas with BSE extrapolate to
even higher Ip as high Ip will be the typical operational regime of ITER.
This is studied by analyzing the discharge #96482 at Ip ¼ 3.5 MA and
q95 ¼ 3.2 as shown in Fig. 3. The discharge #96482, with low neutral
gas injection, CeðDÞ ¼ 0:95� 1022 s�1, and D pellets, has H98ðy; 2Þ
¼ 1:0; bN ¼ 1:8 and bp ¼ 0:6 at much smaller ELM size and double
neutron rate by D–D fusion reactions, Rnt, than the type-I ELM dis-
charge #97395, which demonstrates that such small ELMs are compat-
ible with high fusion power at high Ip. Since�50% of Rnt is due to DD
thermonuclear reactions for the discharges discussed in this section,
the fusion power obtained is a good representation of ITER conditions,
which will be dominated by thermonuclear reactions.

CONFINEMENT AND PEDESTAL ANALYSES

A detailed study has been performed in order to clarify the physi-
cal mechanisms behind the onset of these small ELMs and the origin
of good core confinement in the BSE regimes. Clear differences in the
electron and ion temperatures, electron density, and rotation profiles
are already evident as shown in Fig. 4. Notably, the ratio Ti=Te, includ-
ing at the pedestal top, and the toroidal rotation significantly increased
for the cases with small ELMs. This is accompanied by a reduction of

the density at the top of the pedestal. In particular, for the discharges
#96994 and #97395, at the same power and therefore torque, the cen-
tral density is nearly identical, whereas the density at the pedestal is
25% lower and core rotation is 36% higher at q ¼ 0:4 for the pulse
#96994, where q is the normalized toroidal flux. Such features show
that momentum confinement is also improved with small ELMs, as it
usually happens in JET plasmas with low gas fueling and pellet
injection.22

Interestingly, the pedestal pressure remains nearly constant, at
Pped ¼ 34 kPa for #96994 and Pped ¼ 36 kPa for #97395. Particularly
striking are the differences in the pedestal structure. Both the electron
density and temperature pedestals become wider, and there is a sub-
stantial reduction in the edge density gradient as the edge density
decreases. Compared to #97395, where the pedestal top is located at
q ¼ 0:94, for the discharges with small ELMs, the pedestal top is
located at q ¼ 0:91.

A Peeling–Ballooning (P–B) analysis has been performed with
the code MINERVA-DI,23 which solves the extended
Frieman–Rotenberg equation and includes rotation and diamagnetic
effects, in order to study whether such MHD modes might be respon-
sible for the onset of small ELMs. As shown in Fig. 5, the discharge
#97395 is at the P–B boundary as expected from type-I ELMs; how-
ever, the small ELMs discharges tend to be farther from the P–B
boundary and in the stable region, especially, for the pulse #94442, as a
consequence of the reduced pressure gradient within the pedestal
region. Such results indicate other mechanisms, rather than MHD, for
the onset of such ELMs.

With the aim of clarifying whether changes on turbulence char-
acteristics can play a role, linear local turbulence simulations have
been performed at the pedestal top of the discharges #96994 and
#97395 with the gyrokinetic code GENE,24 which solves the gyroki-
netic equation. The input parameters fed to GENE are shown in
Table I. Such parameters summarize the main differences at the pedes-
tal top between BSE and type-I ELM. Whereas ŝ and R=LTi are signifi-
cantly lower in the BSE case, Ti=Te and R=Lne are higher. As shown in
Fig. 4, for the discharge #97395, the turbulence spectrum is dominated
by low wavenumber, ky < 0:5, with ky normalized to qs ¼ cs=xci,
where cs ¼ ðTe=mDÞ1=2 and xci ¼ ðeBT=mDÞ with mD the deuterium
mass. Such modes, at high growth rate, c, and frequency,x, are identi-
fied as Kinetic Ballooning Modes (KBMs) which is one of the main
instabilities limiting the pedestal pressure gradient.25 However, for the
discharge #96994, KBMs are fully stabilized, whereas modes rotating
in the electron diamagnetic direction identified here as Microtearing
modes (MTMs)26 and Trapped Electron Modes (TEMs)27,28 are domi-
nant at low ky with low c, reflecting the strong change of turbulence
characteristics in the new small ELM regime. The impact of the differ-
ent levels of impurities in both discharges has been analyzed by
removing the impurities from the simulations and adding the ions to
the main ion specie. The simulations show that unlike for the type-I
ELM pulse, the impact of impurities on c is particularly important for
the BSE case as they further destabilize MTM while strongly stabilize
high kymodes.

Although such linear local gyrokinetic analyses already indicate
some profound differences in turbulence characteristics for BSE plas-
mas compared to type-I ELMs, further analyses involving nonlinear
global gyrokinetic simulations are necessary in order to fully character-
ize BSE turbulence. This is left for future studies.

FIG. 3. Comparison between the small ELM discharge #96482 at Ip ¼ 3.5 MA and
the type-I ELM #97395 at Ip ¼ 3.0 MA.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 032505 (2022); doi: 10.1063/5.0072236 29, 032505-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/php


IMPURITY BEHAVIOR ANALYSES

One key point of the plasmas in the BSE regime is the strong
density peaking. Unlike previous JET results in high thermal confine-
ment plasmas with type-I ELMs, which also lead to high density peak-
ing during the stationary phase,29 the plasmas with small ELMs

analyzed in this work do not show any kind of stronger radiation pat-
tern in the inner core region, at q < 0:3, as shown in the reconstructed
bolometry 2D radiated power profiles for the discharges #94442 and
#96994 in Fig. 6. Maximum radiation on the low field side of the outer
plasma region is common in plasmas with low gas puff and pellets;30

however, in the case of #96994, with the extrinsic impurity Ne injected,
the radiation is redistributed toward a clear maximum at the divertor.
No core impurity accumulation at q < 0:3 is detected. The impurity
profiles, which that are calculated as explained in Ref. 31, clearly dem-
onstrate that the main impurity in the inner core is Be, whereas high Z
impurities, such as Ni and W, are either homogeneously distributed
for the discharge #94442 or even have a hollow profile for #96994 with
a maximum close to the pedestal as also shown in Fig. 6 and with an
increase in Zeff as shown in Fig. 7.

Usually, W is the main cause of the loss of plasma confinement
and eventually radiation collapse in JET plasmas with high impurity
accumulation close to the axis. The process of W accumulation is a
complex process that depends on the strength of the W source on the
plasma periphery and its transport. The analysis of the W source in
the BSE regime could not be included here, since the ELM-resolved W
production measurement used in JET is not reliable for the small
ELMs (with fELM > 100Hz) shown in this paper due to the low signal-
to-noise ratio of the spectroscopy data used for this type of analysis.
But it is worth noticing that analysis performed in JET has demon-
strated that the W content of the plasma decreases with increasing
ELM frequency, despite the fact that the W source can still increase
with increasing ELM frequency (with the W source per ELM increas-
ing with the ELM size, in terms of pedestal energy loss), demonstrating
the efficacy of the ELM flushing in the control of the W impurity atFIG. 5. P–B analysis40 for the discharges #97395, #96994, and #94442.

FIG. 4. Electron density (ne) (a), electron temperature (Te) (b), ion temperature (Ti) (c), and plasma toroidal rotation (Vtor) (d) for the discharges shown in Fig. 2 at t¼ 11.4 for
#94442, t¼ 12 s for #97395, and t¼ 12.5 s for #96994. Turbulent growth rate, c, (e) and frequency, x, (f) for the discharges #97395 and #96994 at the top of the pedestal. c
and x are in units of cs=R, where cs ¼

ffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
with Te the electron temperature at the pedestal top and mi the deuterium mass. The E� B shearing rate39 (nearly identical

for both discharges) is added in the same units for comparison.
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the plasma edge.32 This is a clear indication that in the conditions
described in this paper, the W source plays a small role, and the focus
has been in the exploration, via modeling, of the physics mechanism
affecting the transport of W through the edge transport barrier, as well
as in the core region. The transport of W from the periphery to the
core plasma is mainly driven by the pinch term of the neoclassical
transport which in conditions of high density peaking is usually

strongly inward.6 W transport is analyzed in this paper by studying
the neoclassical transport, in particular the convective part of the flux
with the drift-kinetic code NEO.33 As shown for the discharges
#96994 and #94442 in Fig. 8, the W pinch is broadly positive (out-
ward) for different plasma regions. Whereas for the discharge #94442,
the outward W pinch is high at the pedestal top and significantly posi-
tive in the whole region 0:2 < q < 0:9, for the discharge #96994, the
outward W pinch is very strong in the region 0:2 < q < 0:65, coin-
ciding with the lack of radiation. Of particular importance is the role

TABLE I. Employed plasma parameters in GENE simulations modeling at the pedestal top for the JET pulses #97395 at t¼ 9.5 s and #96994 at t¼ 12.5 s. q is the safety factor,
ŝ the magnetic shear, Lne;i ¼ �ne;i=rne;i with ne;i the electron and ion density, LTe ¼ �Te=rTe with Te the electron temperature, LTi ¼ �Ti=rTi with Ti the ion temperature,
nD is the deuterium density, nBe is the beryllium density, nNi is the nickel density, and R is the plasma major radius.

ShotNo: q q ŝ Ti=Te R=Lne;i R=LTe R=LTi nD=ne nBe=ne nNi=ne

97395 0.94 3.1 2.3 1.0 3.6 16.6 19.0 0.92 1:8� 10�2 3:0� 10�4

96994 0.91 3.0 1.6 1.5 5.2 13.7 5.2 0.88 1:8� 10�2 1:6� 10�3

FIG. 6. Reconstructed bolometry 2D radiated power for the discharges #94442 (a) and #96994 (b). Tungsten (nW), nickel (nNi), and beryllium (nBe) density profiles for the dis-
charges #94442 and #96994 (c).

FIG. 7. Zeff for the discharges #97395, #96994, and #94442.
FIG. 8. Convective pinch velocity (Vneo) for the discharges #94442 and #96994
including and excluding the toroidal rotation (positive is outward).

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 032505 (2022); doi: 10.1063/5.0072236 29, 032505-6

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/php


of rotation as it reverses the pinch from negative to positive, despite
the fact that plasmas 2D asymmetries by means of centrifugal forces
tend to increase the inward W pinch.6 Therefore, for the first time at
JET, it has been shown that high confinement plasmas can be inher-
ently resilient to strong inner W accumulation, as expected in ITER.34

TURBULENCE AND TRANSPORT ANALYSES

A detailed core turbulence analysis has been performed using the
GENE code in order to evaluate the origin of the high core confine-
ment in the BSE regime. The analysis is focused at the radial location
q ¼ 0:8 as it is found that the main differences between small ELMs
and type-I ELMs plasmas have their origin at the plasma edge. The
input data fed to the GENE code are shown in Table II. The results of
linear simulations for the pulse #96994 are shown in Fig. 9.
Turbulence is dominated by the Ion Temperature Gradient (ITG),35

mainly driven by the steep thermal ion temperature gradient. Electron
Temperature Gradient (ETG) modes,27 are also identified at smaller
spatial scales. Several mechanisms play a role in the good confinement.
When impurities located at such radial location, Be, Ni, W, and Ne,
are taken into account, there is a reduction of cmax of 40%. This shows
that the edge-located impurities, blocked by the positive pinch from

neoclassical transport, have a beneficial effect on reducing transport
driven by turbulence. In addition, a linear simulation has been per-
formed for the pulses by artificially decreasing the experimental value
of Ti=Te, shown in Table II, to 1.00. The effect on cmax is massive, with
an increase of 33%. This feature points out to the important role of the
pedestal, for which Ti=Te ¼ 1:50, as a source of core improved con-
finement. This is because the high values of Ti=Te at the pedestal top
propagate to the core and significantly contribute to the core’s reduced
turbulence.

The role of E�B shearing, which is known to reduce or even
suppress ITG transport,36 has also been analyzed for the discharge
#96994 by means of nonlinear local simulations performed at q ¼ 0:8.
The method to calculate the heat flux from these nonlinear simula-
tions and the definition of E � B shearing in GENE are specified in
the Appendix. As shown in Fig. 9, the effect of E � B shearing leads to
a reduction of the deuterium diffusivities by three to four times. Such
effect, in addition to the localized edge impurities (including Ne) and
the high Ti=Te ratio starting at the pedestal, can explain the good core
confinement obtained in the small ELMs plasmas. The same type of
behavior is found for the discharge #94442 and, in general, for all the
discharges with BSE.

FIG. 9. Turbulence growth rates obtained with the GENE code for the discharge #96994. Solid symbols represent ITG modes, whereas empty symbols represent ETG modes
(left) D heat diffusivity obtained from nonlinear simulations for the discharge #96994. The dashed line represents the D heat diffusivity calculated from the power balance in
TRANSP (right).

TABLE II. Employed plasma parameters in GENE simulations modeling at q ¼ 0:8 for the JET pulses #97395 at t¼ 9.5 s, #96994 at t¼ 12.5 s, and #96482 at t¼ 12.5 s. nNe
is the neon density.

ShotNo: q q ŝ Ti=Te R=Lne;i R=LTe R=LTi nD=ne nBe=ne nNi=ne nW=ne nNe=ne

97395 0.8 2.1 1.8 1.1 1.0 5.8 7.9 0.9 2:0� 10�2 2:0� 10�4 7:0� 10�5 0
96994 0.8 2.1 2.0 1.6 2.5 5.6 5.2 0.8 1:0� 10�2 4:9� 10�4 9:8� 10�5 1:0� 10�2

96482 0.8 2.1 1.8 1.5 2.4 5.6 6.6 0.8 4:0� 10�2 4:0� 10�4 1:0� 10�4 0
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The impact of the ion heating source on the good confinement
characteristics of BSE plasmas is investigated by comparing the high
performance discharge #96482 at 3.5 MA with small ELMs and the
type-I ELMy plasma #97395. From the comparison of the main pro-
files for both discharges shown in Fig. 10, it is clearly seen that for the
#96482 pulse the typical characteristics of the BSE regime appear, i.e.,
high Ti=Te, rotation and density peaking. Compared to the pulse
#97395, the electron density at the pedestal is lower for #96482; how-
ever, since the density peaking is higher, the density at the inner core,
i.e., at q < 0:3 is higher. Such a difference in density has an impact on
the NBI beam penetration. In Fig. 10, the NBI ion heating, calculated
with TRANSP for both discharges, is shown. The ion heating is lower
close to the plasma axis for the discharge in the BSE regime, and yet,
the ion temperature is much higher than the type-I ELM pulse. We
speculate that rather than ion heating, transport and turbulence might
be more important for the determination of Ti in BSE plasmas. This is
studied with gyrokinetic linear simulations performed for both dis-
charges with the GENE code at q ¼ 0:8, including three impurities.
Clearly, cmax is higher for the discharge #97395 than for #96482, indi-
cating higher turbulence levels which in addition coexist with lower
values of cE�B for #97395. Overall, clear differences on turbulence
characteristics are found for the BSE core plasmas compared to type-I
ELMs; however, more analyses are required to fully characterize the
new BSE regime.

DISCUSSION AND CONCLUSIONS

The results discussed in this paper show a new high performance
H-mode regime with small ELMs, called BSE, found at JET covering a
novel physics phase space at q95 � 3; bp < 1 and low pedestal colli-
sonality, as expected in ITER baseline conditions. Such an operational
regime is obtained by controlling and optimizing the particle fueling at
high input power, current, and magnetic field. This triggers an opti-
mum self-organized plasma state characterized by simultaneously
accessing small ELMs and high fusion power and confinement and no
impurity accumulation. The edge reduction of turbulent transport, the
increase in rotation, and the reverse of impurity convection from
inward to outward are key physical mechanisms that spontaneously
lead to such a state.

Very high thermal confinement, H98ðy; 2Þ � 1:4, is obtained in
BSE in a nonstationary way when the injected gas fueling is fully
removed and fGr � 0:3. This kind of plasma is not the one expected in
ITER; however, it shows that pedestals with low particle sources by gas
injection can behave in a very different way compared to type-I ELMs
as a result of the large pedestal width, which makes the pedestal stable
to P–B modes in the BSE regime.

Stationary plasmas are obtained when the gas injection is partially
replaced by pacing D pellets and fGr � 0:7, which is close to what it is
expected in ITER. In such conditions, the neutron rate and thermal
confinement can be similar or even higher than for type-I ELMs at the
same input power, which indicates that small ELMs plasmas are ade-
quate for high fusion power generation in metallic wall devices.

The full applicability of this new regime requires further studies
in conditions closer to those expected in ITER and which are difficult
to attain at JET. Notably, BSE needs to be studied in the presence of
strong electron heating and reduced torque. In addition, the power
width dependence in the Scrape-Off Layer (SOL) in plasmas with BSE
should require extended studies as it is a key point for ITER.
Regarding high triangularity, semi-detached or fully detached plasmas,
initial results at JET using high heating power (30MW) and Ne seed-
ing in high triangularity plasmas show that plasmas in such conditions
are prone to developing small ELMs and high confinement.17 The
future JET scientific program will further explore such a route.

Nevertheless, the results shown in this paper already open up the
possibility that magnetically confined plasmas in large scale fusion
devices self-organize in the direction required for optimum fusion
power generation, meanwhile strong heat fluxes to the plasma-facing
components are avoided. However, it is unclear yet whether the high
levels of separatrix and SOL densities, necessary for power exhaust, are
compatible with the newly explored BSE scenario. This will be a topic
for future research at JET.
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APPENDIX: DEFINITION OF GENE OBSERVABLES

The normalized perpendicular E � B shearing is defined in
GENE as

cE�B ¼ ðr=qÞðdX=drÞ=ðcs=aÞ;

where q is the local value of the safety factor, r the radial coordinate,
X the toroidal angular velocity, cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTe=miÞ

p
, and a the minor

radius.
The heat flux for each specie s is defined in GENE as

hQsi ¼
�ð

d3v
1
2
msv

2fsðx; vÞvE�BðxÞ
�
;

where x ¼ ðx; y; zÞ and v ¼ ðvk; lÞ; h�i denotes the flux-surface
average, fsðx; vÞ is the distribution function, vE�B ¼ c

B2
0
B0 �r�n is

the generalized E�B drift velocity, with �n ¼ �/ � vk
c

�Ak þ l
qs

�Bk the

gyroaveraged modified potential (in which qs is the charge and the
upper bar indicating a gyroaveraged quantity), and the subscript s
refers to the species.
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