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Abstract. To demonstrate ITER Steady-State scenario, fi@B, thermalBy=2.4, Hg~1.4-1.5 and bootstrap
current fraction {s) = 50% need to be obtained in existing devices, igedldimensionless parameters such as
the normalised Larmor radiup*), collisionality (v*), ratio of ion to electron temperature;{lle), g-profile and
Mach number as close as possible to those in ITHEBe sthey affect transport and/or current driveisTh
motivated experiments in JET where the performaridegh triangularity NBl-only plasmas developedstady
stability and confinement at higdy and Hg was extended to higherBlp (2.7T, 1.8MA, @s = 4.7) and power
(electron heating ICRH, LHCD in addition to NBI)o@d ICRF coupling is obtained with gas dosing, vgtod
edge confinement (¢ ~1) and type | ELMs. With the ICRF ELM resilientssems, up to 8 MW is coupled. LH
coupling is affected by the nearest ICRH antenmhany Ry~ 2.5 MW was available. The following steady
(>10x1g) and peak performances are obtainegh~H1L.2 (up to 1.35)By = 2.7 (up to 3.1). The thermal fraction
is up to 80% and <¥/<Te> = 1.05, with T, = T; at the pedestal. The Mach number at mid-radiGs3, and
p*Ip*irer = 2, V¥V*1er = 4. In the range of target g-profiles used (1.8,792.9), only plasmas with an
internal transport barrier, in addition to an etigasport barrier, haveggl>1.1. In some shots, n=1 kink modes
are seen, often limiting the performance and irew €ases causing disruptions. In all shots theofjipris
evolving, indicating a shortage of non-inductivel)(Murrent. Interpretative modelling show thag £ 40-45%
where the highesg is for plasmas with highest @ndy. Predictive modelling shows thaisfgoes from 45%
to 50% when scaling to ITER*. NBI provides ~20% of externally driven NI curteand LHCD contributes
<10%. An ECRH system was recently proposed for JE&dictive modelling shows that ECCD can provlue t
narrow off-axis current required to maintain thprgfile at the time of high performance.

1. Introduction

ITER Steady-State (SS) scenario must havB0% bootstrap current fractionggJ, high
normalised beta, totfdy ~ 3 and thermaPy ~ 2.4, and Hg = 1.4-1.5 [1], where witly =
BraB/lp with Bt = 2uep/B?, a = minor radius, B = magnetic fielg, 3 plasma current and p =
plasma pressure, angdHs the energy confinement time normalised to the IPB98(y,Ahgca
[2]. These conditions have been reached in existing devices, seafaple [3]. However, it



2 EXC/1-4

is important to demonstrate this in plasmas with dimensionlessnpe®s such as the
normalised Larmor radius)*(), collisionality @), ratio of ion to electron temperature/{E)

and normalised rotation as close as possible to those expecteBRn $ince they affect
transport and/or current drive. This motivated dedicated experimedETirat 2.7T/1.8MA,

I.e. the highest Band b where highfy is accessible with the present heating power available.
Using Neutral Beam lon (NBI) heating, lon Cyclotron Radio Frequ€i€RF) and Lower
Hybrid (LH) wave heating, and integrating recent JET scertBavelopment advances [4],[5],
and technical upgrades, this produced plasmas with steadp(itenés > 10%z) Hog = 1.2,
total and thermaPy of 2.7 and 2.0 respectively, £I<Ts> =1.05, §s=40% at global
p’'p rer=2,V'V 1rer = 4, achieved simultaneously for the first time.

2. Optimisation for high frequency wave coupling and I TER-likewall compatibility

To use the full heating anc
current drive capability in JET 205 R e E e
these experiments rely o |z NBI CRH
optimising the edge for HF wav =107 6]

coupling while maintaining gooc 0 'E,T

core and edge confinement. Wit
a small amount of gas dosin

(4x 10" e/sto 7.4 107 els, B | 1.2

+ lO%H), suitable ICRE O-B*M
coupling is obtained while 0-3*

retaining good edge confinemer | o g- fap

(Heg=1 for plasmas without o.4m

internal transport barrier (ITB))
with type | ELMs. With the new
ICRF ELM resilient systems [6],
Picre Up to 8 MW is coupled
(42 MZ, H minority heating
scheme). This resulted in a lowe

Pulse No: 77895 2.7T/1.8MA, qg5 =4.8, 8 = 0.42
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<T;i>/<Te>, from 1.3 on shots 4 5 6 7 8 9 10
with NBI only, to 1.05 on shots : T"Tfe (s)
with highest Rrr. As observed Figure 1. Evolution of shot 77895

in other experiments [7], LH

coupling is degraded when the neighbouring ICRF antenna is poviaoed. LH coupling
(reflection coefficient <6% across all rows) was obtained &= dosing > 6:2L0°* e/s, but
such amounts were used only on a few shots, and typigally .5 MW in the experiments
described here, with parallel refractive index=l.8 or 2.3. The high triangularity (averade
= 0.4) configuration recently developed and exploited at lowerlB[5] was used, with
Qos=4.7. The plasma was made more suitable for future operation wiphatineed JET ITER-
like wall by increasing the density at the start g§Ro maximise NBI absorption, although
this means it is harder to control the q profile, and by moving thex strike-point to a tile
capable of bearing higher power loads, but with the consequencé¢hithadegrades the
pumping. In addition, with the gas dosing the ELM size was reducedg{eper ELM
decreased by ~ 40%). However, more work is required to maksctmisrio fully compatible
with operation with a metal wall in JET. Figure 1 shows the ewwiutf shot 77895, with
Pnel = 22.5 MW, Regry = 6.6 MW, Ry = 2.3 MW.

3. High performance at dimensionless parametersnearer ITER values
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3.1 Performance compar able to that of shotsat lower By, Ip

In recent NBI-only, lower B Ip experiments
described in [4], [5], two favourable domair
for high Bn, Hog operation were identified:
1<p<1.5, where k= 1.35 was achieved
and @g= 2, where Hg = 1.25. For the
experiments described here, the secc
domain was selected in order to optimise t
bootstrap current. The target g-profile, i.e. q
the start of the additional powerg3), has

weak negative or positive magnetic she
with 1.8 < @< 2.9 (Fig. 2), but most shot
have target § =2. The g-profile is not
sustained, and has relaxed tjust above 1,
with increased magnetic shear fpr > 0.6

(pr = (@)°° with @y= normalised toroidal
flux), by the end of Rp, for example for
77895 shown on Fig.2. To reafy = 2.7,

Papp > 26MW is necessary, and pegl=3.1

Is obtained with 31MW. Steadyokl~ 1.2 is

achieved, see figure 1 for example, similar
that at lower B, Ip. (Note that the contributior
from the NBI and ICRH fast particles i
removed when calculating¢klin this paper,
however, unless otherwise indicated, the tc
Bn is quoted). The plasmas have good ec
confinement, but the improved confineme
leading to Hg > 1 is due to the presence of ¢
ITB, as shown on figure 3, where th
normalised ion temperature gradient sc:

length R/Ly; = ROOT;0T; is used to illustrate
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the strength of the ITB. An analysis based on the kinetic psofitafirms that the energy
from the pedestal does not change very much for these shotd-@igand the improvement
in Hog is due to an increase of energy from the core (Fig. 4-b).

3.21TBstriggered at g =2

Evidence for ITBs in these plasme
is seen most clearly inj,Tout also in T and
ne, for example in shot 77592, Fig. 5a-t
Figure 5-c) shows the ion thermal diffusivit
Xi, from a TRANSP [8] interpretative rut
using the experimental,TTe, ne and Zg
profiles and the target q profile (the q profi
at later times is calculated in TRANSR)is
reduced by 2 for normalised radips < 0.5,
to reach~ 1x10* cnf/s (average for pr <
0.5) during the ITB. Note however that
remains well above the neoclassic
prediction (calculated in TRANSP b
NCLASS [9]), which is typical of the
plasmas shown here. The energy contair
in the pedestal changes little during that st
and most of the additional energy com
from the core, with the percentage of tl
plasma energy from the core increasing frc
62% before the ITB to 73% during the ITE
Shots with NBI only and NBI + gas dosin
were performed to investigate the effect
adding gas, Bk« & Py on the
performances. Similar g are obtained, bul
with a higher fraction of the energy comir
from the pedestal in the NBI only shot (st

shot 77877 on Fig. 4-b). Figure 6 shows tf " 101
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Figure 5 — Profiles before (blue,5.4s-6.2s ) and
during (red, 7.8s-8.3s) ITB, for (a),(b) T;
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TRANSI, compared to neoclassicy; .

X; is the same fopr < 0.5, but is fopr > 0.5,
compared to shots that have in addition gas and

Figure 6. x; calculated by TRANSP for shots P,cgp.

77876, NBI + gas, 77877, NBI only, and
77592, NBI + ICRH + gas

In several shots with an ITB, its start

and location are correlated with the arrival of
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the g=2 surface in the plasma, within error bars, see Figurdor-example. The q profile is
calculated using MSE data, taking into account the kinetic profibeaddition, on several
pulses, MHD events, for example Alfven grand cascades occwtieg integer q surface
S e ENtErs the plasma, or fishbone-like modes at
o g=2, support the conclusion that the ITB, or at
N : least its triggering, is related to the gq=2 surface
in most shots. This correlation between ITB
and ¢ 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
Eo Jo/Omin < 1.2). Predictions for ITER SS
T - ~ scenario usually assume that the presence of an
Figure 7. evolution of s;cot 77894 with a)RadiaIITB requires negatl\{e magnetic S.hear, hQV\{ever,
location of q and Tnormalised gradient &S shown here anq in past experiments, it is not
surfaces, B and n = 1, ¢)Rop a necessary condition. It'|s a}lso worth noting
that the electron density in the plasmas
discussed here is significantly higher than that of JET ITBnmaswith lowd in JET,
especially at the pedestal, compare for example to the JET plasmas anfd [10].
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3.3 Plasmas with highest pressure gradient areless stable

The highest sk andy (1.35 and 3.1 respectively) are obtained on shots with the strongest
ITBs. However, these plasmas are not steady, and the perfornsanften momentarily
interrupted by fishbone-like modes linked to =2, and is in some casemated by a neo-
classical tearing mode, NTM, (generally a 2/1 mode). Severdgheofplasmas with q=2
fishbones retain good performances, until eithgspRlecreases or the ITB disappears (for
example shot 78052 on figure 8-b), or shot 77894 on Fig. 7, as the favourabfieqglost

Pulse No: 78085 2.7T/1.8MA Pulse No: 78052 2.7T1.8MA
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Figure 8. Evolution of shots 78085 and 78052
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as described in [12]. The fishbone-like mode often destabilises aikinkibde accompanied
by loss of energetic ions [13], followed by observation of impuritiatéon increase [14]. In
a few cases, this mode has led to a plasma disruption. Figureh®a$ that shot 78085,
which has the highest peak performance, exhibits the q=2 fishbonets gaformance is
eventually terminated by a 5/2 mode that triggers a 2/1 mode. dbal giressure gradient is
known to affect the plasma stability [15], and, is likely to plagla in the plasmas described
here, as adding an ITB (assuming same pedestal) results iimcieeased global pressure
gradient. Figure 8 also shows the peaking factQap po/<p>, where pis the pressure in the
core, and <p> is the volume averaged pressure. The thermal pressised here). The
pressure profile becomes more peaked on 78085, as the ITB moves tdea sadals and

180

160

FEtEg ——— 78085 5.03s-5.09s Ppeak=3.46

— — 78085 6.37s-6.43s Ppeak=3.74
\ - - - -78052 5575-5.63s Ppeak=3.74
Wy — - - 77895 5.65s-5.71s ppeak=3.71

gets stronger (Fig. 9), and by the time the
5/2 mode occurs,ppak has reached 3.8. It

is worth noting that, because these
plasmas have a good pedestal, the

pressure gradient, and in particulgkap

Is significantly smaller than that observed
in past ITB plasmas at low, as already
remarked in [4],[5]. As a consequence,
higher By values can be reached and
maintained. But ga alone is not
sufficient to predict the plasma stability
in this experiment. For example, shot
77895 has the samgepas 78052 at the
samePy, 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 ig8iccevelopment in
JET are described in more details in [16].

0 0.2 04 06 0.8 1
pi = sart(dn)

Figure 9. pressure profiles for 78085, 78052 and
77895 at times of best performance

3.4 Dimensionless parametersnearer ITER target

The confinement scaling shows a strong dependence on the nodnadiseor radius @ )
[17], while the normalised collisionalitw() affects density peaking [18] and current drive
[19], and may also play a role in transport, as shown in [17], [20hi$neixperiment, the
global p”p 1rer =2,V irer = 4 (calculated as defined in [2]). ITBR and fp. can not be
matched simultanously in JET, and preference was given to tbe ilatthese experiments,
because of the need to develop a scenario compatible with the ITER-like waBrdémwvald

fraction (k) =0.6-0.65, withn, =4-5x10°m™>. This contributed to the plasmas having a

large thermal energy fraction, up to 80%. They also hawel] at the pedestal and over most
of the plasma volume, with J/<Ts>=1.05-1.1, i.e. the value expected in ITER, and worth
noting since ¥T, affects the turbulent transport. The flow shear also affesmsyiort, see for
example [12] and references therein, so it interesting to not¢hthglasmas described here
have a normalised rotatien20% to 40% lower than that for shots with NBI only, the lowest
values being for lowest fraction ofyg/Papp. For shots with NBI-only, the thermal Mach
number My = 0.57 in the corep(= 0.2) and My = 0.30 just inside the pedestal~ 0.8),
where My = (m/ef=u,T °° [21], with T the ion temperature in eV ang the toroidal
rotation in m/s. The shots with in addition gas + ICRH + LHCD haw38 < My < 0.49 in
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the core (the highest values in that dataset are for plasitiaghe strongest ITB), and
0.16 < Mry < 0.24 just inside the pedestal.

4. Non-inductivecurrent drive

In all shots there is evidence that the n-
profile is evolving, indicating a shortage ¢ | :
non-inductive (NI) current. According tc 3 s |
TRANSP interpretative modelling fol -
selected shots witBy = 2.6, s = 36-45%,
where the highestg§ is found for the
plasmas with highesty@ndfn. The current % |
profiles for 78085 show that the bootstr: g ¢
current, s, is well aligned, with most of the
contribution at 0.2 9<0.5, where the 1io§
gradient due to the ITB is located, but with £ =:
significant contribution from the pedest: = ;- "
(Fig. 10). TRANSP predictions using Saut = ™. /s

BS model [19] with equations parametrise 0500 02 - - - .
in terms of ve* and v;*, show that §s ' ' ' ' '
increases from 45% to 50% when scaling
ITER V', just making the minimum
requirement. The NBI currentyg = 20% of
the total current,rpt, and is located on-axis. CRONOS [22], [23] calculations for shot 77895
show similar quantities and location fgg pnd kg , although gs is slightly lower, 40% [24],

due to the smaller gradient. This shot has in additign=P2.3 MW with N, = 2.1, and [24]
finds that the LH current is 10%, located ap ~ 0.6. However, experimental observations,
including from modulation experiments in similar shots as per methscribled in [25],
indicate that this is likely to be an overestimation, and veig Rty makes it pasp = 0.8.

This is at least in part because the accessibility for L&ves with iy =1.8 and 2.1 is
marginal at the pedestal and B- of these experiments. Additionally, non-linear effects in the
SOL layer may play a role [26], enhanced since the wave spdodgex time in the edge.
Increasing B to 3.4T (with same 4, i.e. b = 2.2MA) will improve wave accessibility,
assuming &pedestaiScales linearly withpl as observed when going from 1.7T/1.15MA to
2.7T/1.8MA. To make these plasmas steady-state with the g-prefijeired for high
performance would mean replacing the Ohmic currgpf,jby NI current. From figure 12-c),
this means an additional NI current contribution at 0p4<<0.6. This is confirmed by
CRONOS predictive calculations [24]. This location is also comgistith the need for 2/1
NTMs avoidance as shown in [4]. Recently, an ECRH systempn@sosed for JET [27].
Predictive CRONOS modelling with ECCD in this scenario iatlis that it can provide the
off-axis current required to sustain the g-profile favourable toTtBeand hence maintain the
performance.

fo R

n

P
Figure 10. profiles for shot 78085 averaged over
5.4s-6.4s @) I Te, b) 1, €) jrom jonmio Jnei @Nd jss
from TRANSP(there is nq/Pat that time)

5. Conclusion

Through enhancements and dedicated experiments, JET has made further asendsethe
conditions required for the ITER SS scenario, producing plasmas it WrdR-like values
of the key dimensionless parameteds total and thermal, &y, <Ti>/<Te> were
simultaneously achieved, at reduggdand v* compared to plasmas at lower BFig. 11).
The planned JET NBI power upgrade will enable closer matgh smd v* ITER values at
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high Bn. Additional off-axis externally driven and BS current are requiteanake these
plasmas SS, at 0.4p<< 0.6.
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