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Stationary high energy confinement is observed on TEXTOR-94 for times limited only by the flux
swing of the transformer using strong edge radiation cooling. Necessary tools are the feedback contro
of the radiated power and of the plasma energy content. At the highest densities obtained (up to
1.2 times the Greenwald limit), energy confinement exceeds the edge-localized-mode-freeH-mode
scaling ITERH93-P by more than 20%.b limits of TEXTOR-94 are reached withfH89yqa ø 0.6.
No detrimental effect of the seeded impurity is seen. These high confinement discharges meet man
conditions necessary for a fusion reactor regime. [S0031-9007(96)01240-9]

PACS numbers: 52.55.Fa
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Several conditions have to be met simultaneously
an operational regime of a future fusion reactor. A su
ciently large energy confinement time should be realize
ignite the reactor plasma, and at the same time the prob
of heat exhaust and ash removal must be solved for a st
state burn. The present reference scenario is the div
H mode in order to obtain sufficient confinement. Ho
ever, for a successful application of this regime to a fus
reactor, uncertainties still exist for the power threshold,
feasibility of the radiative divertor, its compatibility wit
edge localized modes (ELMs), and He exhaust.

It is therefore worthwhile to explore other regimes
well. It has been shown previously on TEXTOR th
(i) improved confinement on a limiter machine is pos
ble, without showingH-mode characteristics [1] as als
observed on TFTR [2], (ii) a stable radiative edge w
seeding of different impurities [3,4] can be established
a sufficiently high power flux to the wall without a shrin
ing of the plasma column [3,5] (so-called detachment),
(iii) transport is such that there is no harmful central imp
rity accumulation as a function of time [5]. In this pap
we show that all these features can be combined in a p
tive way for long pulses at high plasmab and density by
using feedback controls for the plasmab and for the ra-
diated powerPrad. This regime could possibly serve a
an alternative operational regime for a future fusion pow
reactor. Note that the compatibility of a radiating boun
ary in divertor configuration together with the observat
of new confinement regimes has been recently reporte
ASDEX-Upgrade [6].

TEXTOR-94 is a long-pulsed medium size circular lim
iter tokamak (major radiusR ­ 1.75 m, minor radiusa ­
0031-9007y96y77(12)y2487(4)$10.00
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0.46 m, pulse lengths of about 10 s) equipped with t
toroidal pumped belt limiter ALT-II [7]. The experiment
described below are conducted at plasma currents betw
280 and 480 kA and a toroidal magnetic fieldBt ­ 2.25 T.
Additional heating consists of coinjection (D1 ! D0 in-
jection at about 50 keV) combined with ion cyclotron res
nance heating (ICRH) atv ­ 2vCD with p phasing of the
two antenna pairs. In addition, the energy content of
discharges can be feedback controlled by applying a c
stant level of coinjection neutral beam power (NBI) and
variable level of ICRH. In this way, the effect of transpo
changes onb is compensated in real time by a changi
amount of additional heating. The feedback control
the level of NeVIII (which is roughly proportional toPrad)
is acting on the Ne inlet valve [3]. The presence of t
pumped limiter is essential as a sink for Ne in the fee
back loop and stationary plasmas are routinely obtai
with a radiated power fractiong ­ PradyPtot up to 90%,
wherePtot is the total heating power applied. The radi
tion is monitored by a bolometric diagnostic allowing a 2
reconstruction of the radiation pattern in the discharge

Characteristics of discharges in TEXTOR-94 with fee
back controlled energy content and edge neon impu
seeding.—Figure 1(a) shows typical plasma paramet
obtained in a Ne-cooled discharge where the total sto
plasma energy is kept constant with a normalized toro
bn > 1.65 sufficiently below the limit bn > 2 of the
machine [1]. Omission of the energy feedback can le
to confinement transitions (with sometimes spectacu
high b recoveries [8]) or disruptions. Remarkable in th
figure is the value of the enhancement factorfH93 of the
energy confinement time versus the recent refere
© 1996 The American Physical Society 2487
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FIG. 1. (a) Typical example of a discharge obtained
TEXTOR-94 with feedback controlled energy content and e
neon impurity seeding. Shown are as a function of time,
signal of the diamagnetic energyEdia, the enhancement facto
fH93 with respect to ITERH93-P, the central ion temperat
Ti0 from CXES of a CVI line, the line-averaged central dens
ne0, the total applied additional heating powerPNI 1 PRF ,
the total radiated powerPrad, and the intensity of the NeVIII
line. The dashed lines indicate the Greenwald density l
and ELM-freeH-mode confinement. (b) Density profiles at t
times indicated by the arrows in 1(a), wheregn is the density
profile peaking factor.

scaling ITERH93-P [9] for the divertor ELM-freeH
mode: It is larger than one for the whole duration of
neon seeding phase. This shows that we have a disch
with a confinement at least as good as ELM-freeH mode.
Note also the long duration of this phase, which is ab
3.5 s or 70 confinement times (and also about equal to
resistive skin time) and is only limited by the flux swin
capability of the OH transformer.
2488
The gradual increase of the confinement as a func
of time is linked to the slight rise in density. This
also reflected in the signal for the total applied additio
heating power, which is steadily decreasing as a co
quence of the feedback system. The relative decrea
Ptot is larger than the increase offH93 according to the rela
tion Ptots fH93d3 > const as follows from the ITERH93-
scaling.

Note that, in the second half of the heating pulse,
density reaches values above the Greenwald upper de
limit (ne0,Greenwald ­ Ipypa2 using as units1020 m23,
MA, m) [10] which has a considerable empirical ver
cation when gas puff fueling is employed. The den
profiles shown in Fig. 1(b) are characterized by a pea
factor gn ­ nes0dyknesrdl > 2 with central density val
ues attaining1020 m23, in contrast to the flat profiles ob
tained inH mode. Improved confinement at these h
densities is not due to fast particle contributions as follo
from the comparison of the diamagnetic and equi
rium (MHD) plasma energies and fromTRANSP simula-
tions. The equipartition time is about equal to the ene
confinement timetE > 50 ms, and the discharges exhi
a slightly higher temperature for the ions than for
electrons.

Confinement properties.—A summary of the confine
ment data obtained is shown in Fig. 2, where the value
fH93 as a function of the central chord line-averaged d
sity are plotted at a plasma currentIp ­ 0.35 MA. Sev-
eral important features are visible in this figure: (i)
energy confinement is increasing with increasing densi
already observed in theZ mode of ISX-B [11], (ii) the bes
confinement data are obtained at sufficiently high radia
levelssg . 60%d, and (iii) high densities are reached,
to 1.2 times the Greenwald limit, where the plasma ene
is nearly thermal.bn andbp values increase with densi
to about 1.8 and 1.3, respectively, at the highest dens
e

t

ge

t
e
FIG. 2. Enhancement factorfH93 with respect to ITERH93-P
versus line-averaged density at a plasma currentIp ­ 350 kA.
The dashed lines indicate the Greenwald density limit
ELM-free H-mode confinement.
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FIG. 3. Values for the figure of merit for ignition margin
fH89yqa, at a plasma currentIp ­ 480 kA.

reached. The marked increase of the enhancement f
fH93 with density is in contrast to the ITERH93-P scali
which shows a much weaker density dependences~ n0.17

e0 d
for the ELM-freeH mode.

A large value offH89yqa (with fH89 the enhancemen
factor with respect to theL-mode scaling ITERL89-P [12
andqa the cylindrical safety factor at the plasma bounda
is important because the fusion triple product scales as
square of this parameter (the so-called figure of merit
ignition margin). As shown in Fig. 3, maximum value
for fH89yqa are found at the highest densities reached
are around 0.6, the value required for ITER.

Radiation and impurities.—With an increasing radia
tion level, the radiating belt at the plasma boundary
comes poloidally more symmetric as shown in Fig.
indicating the dominance as a radiator of the seeded im
rity neon over the intrinsic impurities C and O, which rad
ate more in the vicinity of the toroidal belt limiter ALT-II
The Li- and Be-like states of Ne, having a larger ioniz
tion time than the intrinsic impurities and thus being mo
i

ity
s a

t
FIG. 4. Tomographic reconstruction of the radiation pattern
the discharge of Fig. 1 (from bolometry) att ­ 4.4 s.
tor

)
e
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uniformly distributed, account for most of the radiati
(maximum values of 0.62 MWym3 in the radiation belt
which extends up toTe ­ 150 eV). There is only a sma
contribution to the total radiated power from the cen
plasma, where the hydrogenlike, heliumlike, and fully i
ized neon ions are located. The data displayed in Fig.
lustrate the stationarity of different impurity related plas
parameters (brilliance ofDa and impurity lines, neutro
yield, and total radiated power) and of the enhancem
factor fH93 during the additional heating phase. Sm
variations are due to an increase in the electron den
largely caused by limitations in the feedback system
could possibly be overcome by acting on the pumping
pability of ALT-II and on the wall recycling. Note that th
Da signal does not show any sign of ELMs and the sm
oscillations seen are correlated with oscillations in
feedback system for the horizontal plasma position.
find that these plasmas with a radiating belt are therm
stable [13], quasistationary, and do not show MARF
[3]. Furthermore, they are free of central impurity ac
mulation as seen from the constant ratio of the brillia
of atoms at the edge, representing the neutral imp
flux into the plasma, and of highly ionized stages in
bulk plasma (Ne and C; see Fig. 5) and from the neu
reactivity.

The most direct evidence of the absence of deleter
effects of the seeded impurity on the central plasma pu
is the comparison of the neutron yield at different lev
of neon seeding. The neutron yield, which in our cas
-
,
u-

-
e

n

FIG. 5. Example of the quasistationarity of the impur
content of radiatively cooled discharges. Shown are a
function of time, the intensity of a line of NeVIII , NeIII , NeI,
CV, CI, OI, andDa , the radiated powerPrad, the neutron yield,
and the enhancement factorfH93 for the energy confinemen
time versus ITERH93-P.
2489
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dominated by beam-target reactions, is mainly proportio
to nD0yne0fsTe0d for a given injection energy and powe
wherenD0yne0 expresses the target fuel dilution. We fi
that for a givenTe0 the neutron yield is always equal
higher with neon seeding [5,13]. A careful comparison
the neutron yield between discharges of the same s
with and without neon seeding leads to roughly the sa
target fuel dilution in both cases. This means that
bulk neon concentration is compensated by a decrea
the intrinsic impurities. This can result from a reduc
sputtering of wall material due to a lower edge tempera
as explained in [14]. Note that although the dilution
the same,Zeff will increase when the atomic number
the seeded impurity is larger than that of the intrin
impurities.

An estimate of the neon concentration in the plas
volume follows also from a detailed particle balance for
seeded neon. Altogether this leads to an estimated ave
concentration of about 1.5% Ne for discharge conditi
as shown in Figs. 1 and 5. Such a neon concentra
agrees with an estimation of the meanZeff value obtained
from visible bremsstrahlung which increases from 2.2
a reference discharge (in the same conditions as for
shot of Fig. 1, but without neon injection andne0 ­ 4.2 3

1019 m23) to the value of 2.6 for the discharge shown
Fig. 1. The slight increase ofZeff can be understood b
the decrease of the intrinsic impurity content as explai
above.

Whether these results can be applied to a burning fu
plasma in a machine with the size of, e.g., ITER is still u
certain due to the lack of knowledge concerning the mec
nisms of impurity transport—a common problem to
types of high confinement discharge scenarios (on di
tor or limiter machines). The maximum amount of see
impurities in a burning plasma is further constrained by
level of He ash which depends on the balance between
duction and exhaust. The latter could be the most crit
part, since already the value oftp

pytE ­ 10 as considered
for ITER [15] leaves a rather small margin for impuriti
other than He. In this respect, gaining a better knowle
of impurity transport in reactor grade plasmas is of utm
importance and requires further study. Besides abso
values, we would like to note that the best confinem
of these plasmas is obtained at the highest electron
sities achieved, thus for conditions where several asp
are optimal: high value for the fusion triple product, b
pumping capabilities, and minimum seeded impurity c
centration for a givenPrad, sincePrad increases strongl
with ne for a given impurity concentration [16].
2490
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In conclusion, a new operational regime possibly su
able for use in a future fusion reactor has been iden
fied on TEXTOR-94. It combines the following attractiv
features: On top of high confinement, high density, hi
plasmab, and the promising heat removal capabilities b
radiation it is characterized by (i) absence of ELMs, a
sence of a power threshold; (ii) presence of peaked d
sity profiles facilitating ignition; (iii) a strong increase o
the confinement with density which minimizes the amou
of impurities needed for a given radiation fractiong and
leads to a favorable pumping efficiency of the pump
limiter; and (iv) a concentration for the seeded impuri
sufficiently low to avoid detrimental effects on the fusio
reactivity. Note that these discharges are obtained i
pumped limiter tokamak thereby avoiding the need of
(radiating) divertor.

As the influence of the machine size on these resu
is not known, extrapolation to larger machines has to
assessed experimentally anyway for what concerns ene
and particle (D, T, and impurities) transport.

*Also at NFSR, Belgium.
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