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AbstrAct
To demonstrate ITER Steady-State scenario, total bN

 ≈ 3, thermal bN
 ≈ 2.4, H98 ≈

 1.4-1.5 and bootstrap 
current fraction (fBS) 7≥50% need to be demonstrated in existing devices, ideally at dimensionless 
parameters such as the normalised Larmor radius (r*), collisionality (n*), ratio of ion to electron 
temperature (Ti/Te), qprofile and Mach number as close as possible to those in ITER since they 
affect transport and/or current drive. This motivated experiments in JET where the performance 
of high triangularity NBI-only plasmas developed to study stability and confinement at high bN 
and H98 was extended to higher BT, IP (2.7T, 1.8MA, q95 = 4.7) and power (electron heating ICRH, 
LHCD in addition to NBI). Good ICRF coupling is obtained with gas dosing, with good edge con-
finement (H98 ~1) and type I ELMs. With the ICRF ELM resilient systems, up to 8MW is coupled. 
LH coupling is affected by the nearest ICRH antenna and only PLH ≈ 2.5MW was available. The 
following steady (>10× tE) and peak performances are obtained: H98 ≈ 1.2 (up to 1.35), bN ≈ 2.7 
(up to 3.1). The thermal fraction is up to 80% and <Ti>/<Te> ≈ 1.05, with Te = Ti at the pedestal. 
The Mach number at midradius ≈ 0.3, and r*/r*ITER ≈ 2, n*/n*ITER ≈ 4. In the range of target 
q-profiles used (1.8 < qmin< 2.9), only plasmas with an internal transport barrier, in addition to an 
edge transport barrier, have H98 >1.1. In some shots, n = 1 kink modes are seen, often limiting the 
performance and in a few cases causing disruptions. In all shots the q-profile is evolving, indicating 
a shortage of Non-Inductive (NI) current. Interpretative modelling show that fBS ≈ 40-45% where 
the highest fBS is for plasmas with highest q0 and bN. Predictive modelling shows that fBS goes from 
45% to 50% when scaling to ITER n*. NBI provides ~20% of externally driven NI current and 
LHCD contributes <10%. An ECRH system was recently proposed for JET. Predictive modelling 
shows that ECCD can provide the narrow off-axis current required to maintain the q-profile at the 
time of high performance.

1. IntroductIon
ITER Steady-State (SS) scenario must have 7 50% bootstrap current fraction (fBS), high normalised 
beta, total bN ≈ 3 and thermal bN ≈ 2.4, and H98 ≈ 1.4-1.5 [1], where with bN = bTaB/IP with bT = 
2m0p/B2, a = minor radius, B = magnetic field, IP =

 plasma current and p = plasma pressure, and H98 

is the energy confinement time normalised to the IPB98(y,2) scaling [2]. These conditions have 
been reached in existing devices, see for example [3]. However, it is important to demonstrate this 
in plasmas with dimensionless parameters such as the normalised Larmor radius (r*), collisionality 
(n*), ratio of ion to electron temperature (Ti/Te) and normalised rotation as close as possible to those 
expected in ITER, since they affect transport and/or current drive. This motivated dedicated experi-
ments in JET at 2.7T/1.8MA, i.e. the highest BT and IP where high bN is accessible with the present 
heating power available. Using Neutral Beam Ion (NBI) heating, Ion Cyclotron Radio Frequency 
(ICRF) and Lower Hybrid (LH) wave heating, and integrating recent JET scenario development 
advances [4],[5], and technical upgrades, this produced plasmas with steady (i.e. for times > 10×tE) 
H98 = 1.2, total and thermal bN of 2.7 and 2.0 respectively, <Ti>/<Te> = 1.05, fBS = 40% at global 
r*/r* ITER ≈ 2, n*/n* ITER ≈ 4, achieved simultaneously for the first time.
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2. optImIsAtIon for hIgh frequency wAve couplIng And Iter-lIke 
wAll compAtIbIlIty

To use the full heating and current drive capability in JET, these experiments rely on optimising the 
edge for HF wave coupling while maintaining good core and edge confinement. With a small amount 
of gas dosing (4×1021 e/s to 7.4×1021 e/s, D2 +

 10%H), suitable ICRF coupling is obtained while 
retaining good edge confinement (H98 ≈1 for plasmas without Internal Transport Barrier (ITB)) with 
type I ELMs. With the new ICRF ELM resilient systems [6], PICRF up to 8MW is coupled (42MZ, 
H minority heating scheme). This resulted in a lower <Ti>/<Te>, from 1.3 on shots with NBI only, 
to 1.05 on shots with highest PICRF. As observed in other experiments [7], LH coupling is degraded 
when the neighbouring ICRF antenna is powered. Good LH coupling (reflection coefficient <6% 
across all rows) was obtained for gas dosing > 6.2×1021 e/s, but such amounts were used only on 
a few shots, and typically PLH = 2.5MW in the experiments described here, with parallel refractive 
index N//

 = 1.8 or 2.3. The high triangularity (average d = 0.4) configuration recently developed 
and exploited at lower BT, IP [5] was used, with q95

 = 4.7. The plasma was made more suitable for 
future operation with the planned JET ITERlike wall by increasing the density at the start of PNBI 
to maximise NBI absorption, although this means it is harder to control the q profile, and by moving 
the outer strike-point to a tile capable of bearing higher power loads, but with the consequence that 
this degrades the pumping. In addition, with the gas dosing the ELM size was reduced (energy per 
ELM decreased by ~ 40%). However, more work is required to make this scenario fully compatible 
with operation with a metal wall in JET. Figure 1 shows the evolution of Pulse No: 77895, with 
PNBI = 22.5MW, PICRH = 6.6 MW, PLH = 2.3MW.

3. hIgh performAnce At dImensIonless pArAmeters neArer Iter 
vAlues

3.1 Performance comParable to that of shots at lower bt, IP
In recent NBI-only, lower BT, IP experiments described in [4], [5], two favourable domains for 
high bN, H98 operation were identified: 1 < q0

 < 1.5, where H98 = 1.35 was achieved, and q0 ≥ 2, 
where H98 = 1.25. For the experiments described here, the second domain was selected in order to 
optimise the bootstrap current. The target q-profile, i.e. q at the start of the additional power (PADD), 
has weak negative or positive magnetic shear, with 1.8 < q0

 < 2.9 (Fig.2), but most shots have target 
q0

 ≥ 2. The q-profile is not sustained, and has relaxed to q0 just above 1, with increased magnetic 
shear for rT > 0.6 (rT = (fN)0.5 with fN = normalised toroidal flux), by the end of PADD, for example 
for Pulse No: 77895 shown on Fig.2. To reach bN 7 2.7, PADD > 26MW is necessary, and peak bN 
= 3.1 is obtained with 31MW. Steady H98 ≈ 1.2 is achieved, see figure 1 for example, similar to 
that at lower BT, IP. (Note that the contribution from the NBI and ICRH fast particles is removed 
when calculating H98 in this paper, however, unless otherwise indicated, the total bN is quoted). 
The plasmas have good edge confinement, but the improved confinement leading to H98 > 1 is due 
to the presence of an ITB, as shown on figure 3, where the normalised ion temperature gradient 
scale length R/LTi = R|∇Ti|/Ti is used to illustrate the strength of the ITB. An analysis based on the 
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kinetic profiles confirms that the energy from the pedestal does not change very much for these 
shots (Fig.4(a), and the improvement in H98 is due to an increase of energy from the core (Fig.4(b).

3.2 Itbs trIggered At q = 2
Evidence for ITBs in these plasmas is seen most clearly in Ti, but also in Te and ne, for example in 
Pulse No: 77592, Fig.5(a-b). Figure 5-c) shows the ion thermal diffusivity, ci, from a TRANSP [8] 
interpretative run using the experimental Ti, Te, ne and Zeff profiles and the target q profile (the q 
profile at later times is calculated in TRANSP). ci is reduced by 2 for normalised radius rT < 0.5,
to reach ≈ 1×104 cm2/s (average for rT < 0.5) during the ITB. Note however that ci remains well 
above the neoclassical prediction (calculated in TRANSP by NCLASS [9]), which is typical of 
the plasmas shown here. The energy contained in the pedestal changes little during that shot, and 
most of the additional energy comes from the core, with the percentage of the plasma energy from 
the core increasing from 62% before the ITB to 73% during the ITB. Shots with NBI only and 
NBI + gas dosing were performed to investigate the effect of adding gas, PICRH & PLH on the 
performances. Similar H98 are obtained, but with a higher fraction of the energy coming from the 
pedestal in the NBI only shot (see Pulse No: 77877 on Fig.4(b). Figure 6 shows that ci is the same 
for rT < 0.5, but is for rT > 0.5, compared to shots that have in addition gas and PICRH.
 ci in several shots with an ITB, its start and location are correlated with the arrival of the q = 2 
surface in the plasma, within error bars, see Figure 7 (a) for example. The q profile is calculated using 
MSE data, taking into account the kinetic profiles. In addition, on several pulses, MHD events, for 
example Alfven grand cascades occurring when integer q surface enters the plasma, or fishbone-like 
modes at q = 2, support the conclusion that the ITB, or at least its triggering, is related to the q = 2 
surface in most shots. This correlation between ITB and q is reminiscent of the ‘optimised shear’ 
regimes observed in JET, see [10] and references therein, although the ITBs here are much weaker. 
In a very few cases the ITB is better correlated with the presence of negative shear (none of these 
plasmas have deeply negative magnetic shear at the time of the ITB, but some have weak negative 
shear, with q0/qmin < 1.2). Predictions for ITER SS scenario usually assume that the presence of an 
ITB requires negative magnetic shear, however, as shown here and in past experiments, it is not a 
necessary condition. It is also worth noting that the electron density in the plasmas discussed here 
is significantly higher than that of JET ITB plasmas with low d in JET, especially at the pedestal, 
compare for example to the JET plasmas in [11], and [10].

3.3 plAsmAs wIth hIghest pressure grAdIent Are less stAble
The highest H98 and bN (1.35 and 3.1 respectively) are obtained on shots with the strongest ITBs. 
However, these plasmas are not steady, and the performance is often momentarily interrupted by 
fishbone-like modes linked to q = 2, and is in some cases terminated by a neoclassical tearing mode, 
NTM, (generally a 2/1 mode). Several of the plasmas with q = 2 fishbones retain good performances, 
until either PADD decreases or the ITB disappears (for example Pulse No: 78052 on figure 8(b), or 
Pulse No: 77894 on Fig.7, as the favourable q profile is lost as described in [12]. The fishbone-like 
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mode often destabilises a kink-like mode accompanied by loss of energetic ions [13], followed by 
observation of impurity radiation increase [14]. In a few cases, this mode has led to a plasma dis-
ruption. Figure 8(a) shows that Pulse No: 78085, which has the highest peak performance, exhibits 
the q = 2 fishbones, and its performance is eventually terminated by a 5/2 mode that triggers a 2/1 
mode. The global pressure gradient is known to affect the plasma stability [15], and, is likely to 
play a role in the plasmas described here, as adding an ITB (assuming same pedestal) results in an 
increased global pressure gradient. Figure 8 also shows the peaking factor (ppeak = p0/<p>, where 
p0 is the pressure in the core, and <p> is the volume averaged pressure. The thermal pressure is 
used here). The pressure profile becomes more peaked on Pulse No: 78085, as the ITB moves to a 
smaller radius and gets stronger (Fig.9), and by the time the 5/2 mode occurs, ppeak has reached 
3.8. It is worth noting that, because these plasmas have a good pedestal, the pressure gradient, and 
in particular ppeak, is significantly smaller than that observed in past ITB plasmas at low d, as al-
ready remarked in [4],[5]. As a consequence, higher bN values can be reached and maintained. But 
ppeak alone is not sufficient to predict the plasma stability in this experiment. For example, Pulse 
No: 77895 has higher ppeak than Pulse No: 78052 at the same bN, but no fishbone-like modes are 
triggered, indicating that other factors play a role, for example the q profile as predicted in [15] and 
similarly to what is observed in [4], or the fast particles. The stability of, and modes encountered 
in, the plasmas used for the SS scenario development in JET are described in more details in [16].

3.4 dImensIonless pArAmeters neArer Iter tArget
The confinement scaling shows a strong dependence on the normalised Larmor radius (r*) [17], 
while the normalised collisionality (n*) affects density peaking [18] and current drive [19], and may 
also play a role in transport, as shown in [17], [20]. In this experiment, the global r*/r*ITER ≈ 2, 
n*/n* ITER » 4 (calculated as defined in [2]). ITER n* and fGDL can not be matched simultanously 
in JET, and preference was given to the latter in these experiments, because of the need to develop 
a scenario compatible with the ITER-like wall. The Greenwald fraction (fGr) = 0.6-0.65, with
ne = 4-5×1019m-3. This contributed to the plasmas having a large thermal energy fraction, up to 80%. 
They also have Te/Ti at the pedestal and over most of the plasma volume, with <Ti>/<Te> = 1.05-1.1, 
i.e. the value expected in ITER, and worth noting since Ti/Te affects the turbulent transport. The flow 
shear also affects transport, see for example [12] and references therein, so it interesting to note that 
the plasmas described here have a normalised rotation ≈ 20% to 40% lower than that for shots with 
NBI only, the lowest values being for lowest fraction of PNBI/PADD. For shots with NBI-only, 
the thermal Mach number MTH = 0.57 in the core (r ≈ 0.2) and MTH = 0.30 just inside the pedestal 
(r ≈ 0.8), where MTH = (m/e)0.5 uf

 T-0.5 [21], with T the ion temperature in eV and uf the toroidal
rotation in m/s. The shots with in addition gas + ICRH + LHCD have 0.34 < MTH < 0.49 in the 
core (the highest values in that dataset are for plasmas with the strongest ITB), and 0.16 < MTH < 
0.24 just inside the pedestal.
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4. non-InductIve current drIve
In all shots there is evidence that the qprofile is evolving, indicating a shortage of Non-Inductive 
(NI) current. According to TRANSP interpretative modelling for selected shots with bN ≥ 2.6, fBS 
= 36-45%, where the highest fBS is found for the plasmas with highest q0 and bN. The current 
profiles for Pulse No: 78085 show that the bootstrap current, jBS, is well aligned, with most of the 
contribution at 0.2 < r < 0.5, where the gradient due to the ITB is located, but with a significant 
contribution from the pedestal (Fig.10). TRANSP predictions using Sauter BS model [19] with 
equations parametrised in terms of ne* and ni*, show that fBS increases from 45% to 50% when 
scaling to ITER n*, just making the minimum requirement. The NBI current, jNBI ≈ 20% of the 
total current, jTOT, and is located on-axis. CRONOS [22], [23] calculations for shot 77895 show 
similar quantities and location for jBS and jNBI , although jBS is slightly lower, 40% [24], due to the 
smaller gradient. This shot has in addition PLH = 2.3MW with N// =

 2.1, and [24] finds that the 
LH current is ≈ 10%, located at r ≈ 0.6. However, experimental observations, including from 
modulation experiments in similar shots as per method described in [25], indicate that this is likely 
to be an overestimation, and very little PLH makes it past r = 0.8. This is at least in part because 
the accessibility for LH waves with N// =

 1.8 and 2.1 is marginal at the pedestal ne and BT of these 
experiments. Additionally, non-linear effects in the SOL layer may play a role [26], enhanced since 
the wave spends a longer time in the edge. Increasing BT to 3.4T (with same q95, i.e. IP = 2.2MA) 
will improve wave accessibility, assuming ne,pedestal scales linearly with IP, as observed when 
going from 1.7T/1.15MA to 2.7T/1.8MA. To make these plasmas steady-state with the q-profile 
required for high performance would mean replacing the Ohmic current, jOHM, by NI current. From 
figure 12-c), this means an additional NI current contribution at 0.4 < r < 0.6. This is confirmed by 
CRONOS predictive calculations [24]. This location is also consistent with the need for 2/1 NTMs 
avoidance as shown in [4]. Recently, an ECRH system was proposed for JET [27]. Predictive 
CRONOS modelling with ECCD in this scenario indicates that it can provide the off-axis current 
required to sustain the q-profile favourable to the ITB and hence maintain the performance.

conclusIon
Through enhancements and dedicated experiments, JET has made further advance towards the 
conditions required for the ITER SS scenario, producing plasmas in which ITER-like values of 
the key dimensionless parameters bN total and thermal, H98(y,2), <Ti>/<Te> were simultaneously 
achieved, at reduced r* and n* compared to plasmas at lower BT (Fig.11). The planned JET NBI 
power upgrade will enable closer match to r* and n* ITER values at A/cm2 1019 m-3 kev high bN. 
Additional off-axis externally driven and BS current are required to make these plasmas SS, at 0.4 
< r < 0.6.
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Figure 6: ci calculated by TRANSP for Pulse No’s: 77876, 
NBI + gas, 77877, NBI only, and 77592, NBI + ICRH + 
gas.

Figure 7: evolution of Pulse No: 77894 with a)Radial 
location of q and Ti normalised gradient surfaces, b)bN 
and n = 1, c)PADD

Figure 8. Evolution of Pulse No’s: 78085 and 78052
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Figure 9: Pressure profiles for Pulse No’s:78085, 78052 
and 77895 at times of best performance.

Figure 10:  Profiles for Pulse No’s: 78085 averaged over 
5.4s-6.4s a) Ti, Te, b) ne, c) jTOT, jOhmic, jNBI and jBS from 
TRANSP(there is no PLH at that time).

Figure 11. Dimensionless parameters for Pulse No: 78052 
2.7T/1.8MA (red) normalised to ITER SS targets [1], 
compared to 70069 2.3T/1.5MA (blue) from [5].
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