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INTRODUCTION

The ITER-FEAT reference operational scenario for pulsed operation at Q = 10 is
ELMy H-mode with a confinement characterized by H98(y,2) = 1 at
fGW = n/nGW = 0.85, where H98(y,2) is the enhancement factor over the IPB98(y,2)
scaling law [1] and fGW is the Greenwald factor i.e. the density normalized to the
empirical Greenwald density limit nGW [2]. Previous experiments on JET and other
tokamaks [3] have shown that the energy confinement degrades when raising
density towards nG W and that the maximum achievable density for a given
confinement is increasing with the triangularity !. Hence the necessity to develop
scenarios combining high confinement at high density. However, high confinement
is generally accompanied by large type I ELMs of low frequency causing severe
transient power loads on the divertor target plates. The power load may be
reduced by radiating a substantial part of the energy over greater surface areas.
This can be achieved by the seeding of impurities into the plasma, trying to create
a radiating mantle. These experiments aim at combining high density, high
confinement and good power exhaust by a radiating plasma edge without altering
significantly the purity of the plasma center.

*see appendix of the paper by J.Pamela "Overview of recent JET results",
Proceedings of the IAEA conference on Fusion Energy, Sorrento 2000



SEPTUM  EXPERIMENTS

A first series of experiments was carried out in the septum  configuration, i.e. with
the X-point lying on the dome of the MkIIGB divertor (fig. 1).
This configuration was chosen because it was the divertor
configuration the closest to the pumped limiter configuration of
TEXTOR where the promising RI-mode, combining all the
requested attractive features, was developed [4]. Whereas no
H-mode like transitions occurs during the TEXTOR RI-mode,
this configuration is characterized by a low L-H power
threshold allowing to keep the H-mode while radiating a large
fraction of the power. Operational conditions are: Ip = 2.5 MA,
Bt = 2.4 T, q95 " 3.05, PNBI = 11 -> 15 MW, PICRH = 0 -> 3 MW.

Septum low triangularity discharges (#### = 1.65, !!!!l = 0.24, !!!!u = 0.18)
High fuelling rates are used to rise the density in these discharges but lead to
strong confinement degradation. After the switch-off of the gas injection ("afterpuff"
phase) the confinement recovers to H-mode quality whereas the density stays near
the value reached at the end of the main fuelling phase (fig. 2, boxes 1, 2, 3). In fig.
2, the blue traces correspond to an unseeded reference discharge whereas the red
and green traces correspond to discharges where Ar was seeded respectively in
the puff  phase - main fuelling phase - only and in both the puff  and afterpuff
phases (fig. 2, box 4). The seeding of Ar in the initial main fuelling phase allows to
rise the density even closer to the Greenwald value (fig. 2, box 2), but at the
expense of a further confinement degradation (fig.2, box 1) accompanied by a
change of the ELM character from type I to type III. Small levels of D2 are puffed in
the afterpuff  phase in order to counteract the density decay without degrading the
recovered confinement. Small amounts of Ar need to be seeded in order to keep

the radiation level (fig. 2, box 5) and
also helps to keep the density.
Finally, by careful tailoring of the
refueling of Ar and D2  in the
"afterpuff" phase (green traces) we
could obtain a discharge where the
ITER-FEAT requested density and
confinement were simultaneously
obtained and maintained up to the
technical limit for the heating, i.e. for
about 12 energy confinement times.
The radiated power fraction in the
afterpuff  rises from 35% for the

unseeded case up to 45% in the
seeded case, the radiation increase
coming mainly from inside the
separatrix in the septum region [6]. It
is worthwhile to note that the value

53028 53032 53030

0.6

0.8

1

1.2

H
98

y2

0.4

0.6

0.8

1

fG
w

0

5

[x
10

22
 e

/s
]

D2 gas rate PNBI = 12.5 MW

0

2

4

[x
10

21
 e

/s
]

Ar gas rate

0
0.2
0.4
0.6
0.8

p ra
d/p

to
t

16 17 18 19 20 21 22 23 24 25 26
1.5

2

2.5

Time [s]

Z ef
f

Fig. 2 Time traces of global plasma parameters for
three discharges: unseeded reference (blue), with
impurity seeding in the “puff” (red) and with impurity
seeding both in the “puff” and in the “afterpuff”
(green): confinement enhancement factor,
Greenwald fraction, beam power and D2 gas rate, Ar
gas rate, total radiated power fraction and Zeff.
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Fig. 1 “Septum”
configuration: the
X-point is lying on
the dome of the
MkIIGB divertor



of Zeff measured by visible Bremsstrahlung is also maintained constant around 2
and is even lower than in the unseeded reference case due to the higher density
reached. Moreover, the ELM behavior is modified in presence of Ar: ELMs are
slower and the ELM losses seem to be reduced [5]. Another favorable feature is
that the density profile may peak (fig. 3) without rise in Zeff. This
scheme is very sensitive to the good dosing  of the
maintenance  puffs (D 2 and Ar) in the afterpuff . Indeed,

higher levels of Ar lead to dramatic confinement loss correlated
with sawteeth suppression, possibly ELM-free phases, impurity
accumulation leading to higher radiation of the impurities from
the center [6] and enhanced MHD activity [7]. The impurity
accumulation could be avoided and hence the stationarity of
the discharges improved by keeping adequate sawtooth
activity by heating of the center using ICRH in order to keep
q0 < 1 [8].

Septum high triangularity discharges (#### = 1.73, !!!!l  = 0.29, !!!!u = 0.33)
A few discharges were performed at a higher triangularity on the septum and
although the fuelling of the discharges wasn t optimized for stationarity, the effects
described above remain qualitatively the same except that in this latter case,
higher densities are reached at the end of the puff  phase without Ar seeding and
the seeding of Ar doesn t this time allow to increase further the achieved densities.
A scan of the plasma position didn t show any clear influence of the proximity of the
walls and the better fuelling efficiency is attributed to the higher !.

EXTREMELY HIGH TRIANGULARITY EXPERIMENTS

Small amounts of Ar were also seeded in high ! discharges (!u " 0.5) with large
heating power (with respect to the L-H power threshold) and large D2 fuelling. The
X-point is here well above the septum (fig. 4). These plasmas (with Ip = 2.3 MA,
Bt = 2.4 T, q95 " 3.05, PNBI " 14 MW, PICRH " 2 MW) show exceptional performances
as displayed in fig. 5 (red traces): normalized density fG W " 1 as well as
H98(y,2) " 1 [8]. In this case, the seeding of Ar (fig. 5, green traces) leads to a
continuous rise of the density to even higher values. Zeff is slightly higher
($Zeff = 0.2) and there s a slight confinement penalty with H98(y,2) nevertheless

remaining close to unity. The major difference resides in the
higher total radiated power fraction (going from 45% to 65%),
the increase in radiation coming mainly from the edge [6].
Moreover, measurements with the IR camera show dramatic
reduction of the divertor target temperature in the Ar seeded
case. However dedicated experiments have to be carried out
to clearly assess the potential effect of mitigation of the ELMs
by impurity seeding. In the example of fig. 5, the brutal
reduction of D2 fuelling at 22 s leads to an increased effect of
the seeded Ar leading to enhanced central radiation: the
density further increases, the beam power is less and less
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centrally deposited and the small amount of
ICRH is insufficient to avoid the collapse of the
central electron temperature.

CONCLUSIONS

This work has shown it was possible to achieve
simultaneously the ITER-FEAT requested
conditions for density (n/nG W % 0.85) and
confinement (H98(y,2) " 1) with good indications
of reduced ELM losses due to the presence of
seeded impurities. The major results were
obtained in two different configurations. The first
one is the septum  configuration where the
adequate conditions could be sustained in the
afterpuff  phase up to the technical limit ("12

energy confinement times) in the low ! case.
Higher ! as well as seeding of Ar allows to
reach higher densities in the puff  phase.
Confinement drops in the puff  phase due to large D 2 fuelling and is recovered in
the afterpuff  phase where the density can be maintained by careful fuelling of D 2

and Ar. Impurity accumulation and stationarity of the discharges can be improved
by central ICRH in order to keep the sawtooth activity. The second configuration is
a high ! one with large fuelling and heating power. The seeding of Ar allows
essentially to radiate a larger part of the power (65% instead of 45%), mainly from
the edge, at the expense of slightly higher Zef f  ($Zeff = 0.2) and moderate
confinement penalty. It also allows reaching higher densities. This scenario needs
further investigation in order to clearly assess the effect of impurity seeding on
ELM mitigation and to have a better control of the density and of the stationarity of
the discharge (by acting on the fuelling levels and on the central heating).
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Fig. 5 Time traces of global plasma
parameters for two discharges:
unseeded reference (red) and with
impur i t y  seed ing  (g reen) :
confinement enhancement factor,
Greenwald fraction, beam power
and D2 gas rate, Ar gas rate, total
radiated power and Zeff.


