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Introduction
ITER non-inductive (NI) scenario must reach high H factosgddy,2)~ 1.5, and normalised
beta,n ~ 3, with ~50% of bootstrap curreng4f. It relies on producing and maintaining an
internal transport barrier (ITB) at large radius (normalisatius r/a > 0.5). Experiments have
been carried out in JET to start developing ITB plasmas atfgnd triangularity ), and
study their stability, including the effect of the g profileere, the aim was to optimise the
core performance with an ITB, rather than rely on a high pedestal pressarglh
Optimisation of configuration and ELM control
Plasmas with magnetic field:B- 2.3T and plasma current ¥ 1.5MA were used to get high
Bn with the total power currently available in JET. They haye-&, and upped and lowerd
~ 0.4. Previously in JET most ITB plasmas had & 0.2), but, recently, priority was given
to developing ITB plasmas at high[2], which was pre-requisite for this work. Various q
profiles at the start of the main heating (from weak negatvetrong negative magnetic
shear, with gin above or near 2) were formed using a fasamp-up without or with Lower
Hybrid Current Drive (LHCD) in the prelude. High Neutral Be&émection (NBI) and lon
Cyclotron Resonant Heating (ICRH) (37MHz, H minority heating) pomeas used to trigger
ITBs. LHCD was added during the high power phase in some shatetopt to slow down
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the q profile evolution. However, modelling showed that the LH wavenoapenetrate the
plasma at that Band electron densitynthe accessible.rscales with B). Line averageda
between 3.410°m™ to 4.510m™ were obtained, for Greenwald fractions, () between
0.56 and 0.74. Large ELMs are not compatible with having an ITB age fadius, and Ne
and D puffing was used to maintain small ELMs. The total radiatedepdetween ELMs
divided by the total powergfp) varied from ~15% (Ronly) to 60% (higher B+ neon). As
shown in [3], ELM frequencies large enough to make the edge ciimepaith ITBs were
obtained in two range okfp: <30% (small type | ELMs) and >= 50% (type Il ELMs). Two
configurations were compared, both Wwlify = dow ~ 0.4: ITER_AT_1 and ITER_AT_2. The
latter had a larger distance between the last closed fluacgudnd the inner and top walls,
and better pumping because the outer strike-point was nearer the puhmpatgAs a result,
the amount of neutrals in the edge was smaller (seen from Dyveignal between ELMS)
and fuelling control was better. Figs. 1 and 2 show example of shibt$T with similary
and H factor, but differenkip and ELMs. Shot 70069 (Fig. 2) had type | ELMs and a higher
pedestal pressure than shot 68927 (Fig. 1). The ITB in 68927 was pertutineelsaby large
ELMs that did not occur in later shots with different plasma shape control anchgafmns.
Core and edge performance

So far, values ofy averaged over the duration of the ITB of up to 2.8 have been reached,
with peakf3y up to 2.9, and peak thermalpkbsy,2) up to 1.1. Figs. 3 and 4 show that the
improvement iy comes mainly from the core rather than from the pedestal. (Heredge

is at r/a=0.9, i.e. near the top of the pedestal typically. ®hedata is taken at r/a=0.8 to
insure the edge energy is not underestimated due to the limitadl spablution of the
diagnostic.) This is confirmed by the fact ti§atincreases as the ITB becomes stronger (Fig.
5). The ITB strength is given by the normalised inverse tertyperacale length* r=p_J/Lr,
wherep, s is the ion Larmor radius at sound velocity ang O/(dT/dr) for either electrons or
ions. The threshold value for an ITB p&+=0.014, determined empirically [4]. In addition,
the best performance is obtained when the ITB is wider (r/a5-dh&ined so far). However
the pedestal energy also increases in some of the plasmdsestitherformance, for example
on shot 70069. This shows that significant pedestal performance (withtygoeal ELMS) is
compatible with an ITB, at least for in the experiments shown here.

Stability

As described in [5], the no-wall limit (determined empiricallyps exceeded in several

plasmas with ITB in this experiment, up to 25% on 70069 for exampie @i Importantly,
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no ITB terminations due to strong pressure gradients were observedn@tismum ion
pressure peaking measured on the best shots was lower tharstitiigen pressure driven
kink modes in previous ITB plasma studies [6]. Instead, on most shétefta ITB
termination was observed, coinciding with the appearance of a n = 1 (modé probably
with m = 2), and with the g profile evolving from low negative shé&arflat, then positive
magnetic shear. What event came first is not yet cleacddelation was found between the
occurrence of the n=1 mode and fheachieved, nor with the ITB strength (in fact, the data
suggests that the n=1 mode occurred later in plasmas with pettermance). This suggests
that the termination is linked to the q profile evolution. Other mod#s liitle effect on the
performance were often observed (Figs. 1 and 2). They have bebntatirto fishbone
activity, probably linked to the g = 2 surface rather than g = 1il&inTB evolution and
termination were observed in plasmas with g profile at the sfathe high heating with
deeply negative shear (e.g. 68927), suggesting that the stroryeaefar was rapidly lost.
On shot 70322 (averad = 2.5), the ITB lasted until the end of the high heating, but even in
this case, the q profile was evolving. This indicates that morenuuctive current is needed.
TRANSP[7] simulations shows§ ~ 30% in 68927, 70069 and 70322 during the ITB. JETTO
simulations using steeper edgeprofiles [8] show ~ 40%gk for 70069. The difference is due
at least in part to higher bootstrap current at the pededia¢ idETTO results. TRANSP and
JETTO find ~ 30% NB current, for a total NI current fraction between 60% to 70%.
Conclusion

This scenario shows encouraging results: with ITBs (plus in scases a significant
pedestal) 3y values near those required for ITER non-inductive scenario are ahtavith

no indication that the stability limit for pressure driven kink modeseached. There is still
margin for improving the ITB further (stronger and at a widerugydiwhich would provide
higher Hpgosg(y,2)and hence highddn. This should also provide higher bootstrap current. The
planned JET ICRH and NBI power upgrades will make it possibleach high3y at higher
B+[2], where the LH wave can access the plasma and provide additional current drive.

Acknowledgements

This work was partly funded jointly by the United Kingdom Engineeramgl Physical
Sciences Research Council and by the European Communities undeorttiact of
Association between EURATOM and UKAEA. The views and opinions exgudssrein do
not necessarily reflect those of the European Commission. Tdrls was carried out within
the framework of the European Fusion Development Agreement

References
[1] C. D. Challis,et al, this conference P5.124, [2] X. Litauda,al, this conference 15-001,



34th EPS 2007; J.Mailloux et al. : Development of ITB Plasmas at High Beta_n and High Triangularity In JET 40f4

[3] M. Beurskensgt al, this conference P1.163, [4] G. Tresstal Nucl. Fusior42 No 5
(2002) [5] M. Gryaznevitchet al, this conference, P5.145, [6] C. D. Chalks,al, Plasma
Phys. Control. Fusiod4 (2002), [7] R.J. Goldstoret al, J. Comput. Phy13 (1981) 61, [8]
R. Cesariogt al, Proc. of 17th Top. Conf. on RF Power in Plasmas, Clearwater, USA (2007)

. Shot 68927 2.3T/1.5MA R Shot 70069 2.24T/1.5MA
= 20 = 20 r 0 I T U r T U r T 2 =
= s ™ My
= E —1
g 10 gt ICRH
& 0 o oL o
0.8] 0.8
3 3
< 0.4 < 0.4
D(X
0| 0
S 8 S g
[0} [0}
S 4 S 4
% 9 x g "
3 3
2| ol
1 1 By
0 Fishb ivi bably gq=2 o ivi
L 3 ishbone activity, probably q= Probbly m=2? s 5 3 Fishbone activity, probably q=2 Probably m=2? B
< 2 g < 2~ AN 2
1-n=1 < 1 n=1 I
o— | | | g | e A | | [}
3 4 5 6 7 8 9 v 4 5 6 7 8 9
Time (s) Time (s)

Weore (MJ) during ITB or 44.5s - 46.1s

Figure 3. Electron thermal energy in core and ed

Figure 1.Time evolution of hot 6892

JG07.106-10¢

1.6, 1.6
O CORE ITER_AT_2
O CORE ITER_AT 1 o
1.4~ @ EDGE ITER_AT_2 o 114
® EDGE ITER_AT_1 o ©
1.2 g © 1.2 1
a o u'g
o oo E:
1.0~ o O —41.0 =
o
o g © @
0.8- o, 085,
° £
=
0.6l , . ° ° 062
- L L =
[ ] } .. T.I
0.4~ M 04 8
=
0.2 Ho.2
0 1 1 0
1.5 2.0 25 3.0

max By

By during ITB or 44.5s - 46.1s

(r/a = 0.9) as a function ¥

3.0
o °
(o) [ )
[eXe) o ° L4
(e]e) ° o oo
o 6)0 L4
2.5 &0 IS °
[e)e] L] [ ]
o *
o O e *
<o 3
1% S
2.0 <><> <& *® o
< * ® ITER_AT 2p*y
O ITER_AT 2p*r
& ITER_AT_1p'g |,
O ITER_AT_1p*r |8
1.5 1 L | 1 | 5
0.005 0010 0.015 0020 0.025 0.030 0.035

Pri.Te 8t max By

Figure 5. Max3y as a function of ITB gradient
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Figure 2. Time evolutin of hot 7006!
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Figure 4. lon thermal energy in core and edge=r/a
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Figure 6. Measured resonant field amplification vs

Bn for 70069. No-wall limit exceeded by 25%



