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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 control
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-modie+itede
scaling ITERH93-P by more than 20%g limits of TEXTOR-94 are reached witliyg9/g, = 0.6.

No detrimental effect of the seeded impurity is seen. These high confinement discharges meet many
conditions necessary for a fusion reactor regime.  [S0031-9007(96)01240-9]

PACS numbers: 52.55.Fa

Several conditions have to be met simultaneously fo0.46 m, pulse lengths of about 10 s) equipped with the
an operational regime of a future fusion reactor. A suffi-toroidal pumped belt limiter ALT-11 [7]. The experiments
ciently large energy confinement time should be realized talescribed below are conducted at plasma currents between
ignite the reactor plasma, and at the same time the proble280 and 480 kA and a toroidal magnetic fi@d= 2.25 T.
of heat exhaust and ash removal must be solved for a steadydditional heating consists of coinjectio{ — D in-
state burn. The present reference scenario is the divertgction at about 50 keV) combined with ion cyclotron reso-
H mode in order to obtain sufficient confinement. How-nance heating (ICRH) at = 2w¢p with 7 phasing of the
ever, for a successful application of this regime to a fusioriwo antenna pairs. In addition, the energy content of the
reactor, uncertainties still exist for the power threshold, thalischarges can be feedback controlled by applying a con-
feasibility of the radiative divertor, its compatibility with stant level of coinjection neutral beam power (NBI) and a
edge localized modes (ELMs), and He exhaust. variable level of ICRH. In this way, the effect of transport

It is therefore worthwhile to explore other regimes aschanges orB is compensated in real time by a changing
well. It has been shown previously on TEXTOR thatamount of additional heating. The feedback control for
(i) improved confinement on a limiter machine is possi-the level of Nevi (which is roughly proportional t@,,q)
ble, without showingH-mode characteristics [1] as also is acting on the Ne inlet valve [3]. The presence of the
observed on TFTR [2], (ii) a stable radiative edge withpumped limiter is essential as a sink for Ne in the feed-
seeding of different impurities [3,4] can be established aback loop and stationary plasmas are routinely obtained
a sufficiently high power flux to the wall without a shrink- with a radiated power fractioy = P..q/Pi: UP to 90%,
ing of the plasma column [3,5] (so-called detachment), andvhere P, is the total heating power applied. The radia-
(iii) transport is such that there is no harmful central impu-tion is monitored by a bolometric diagnostic allowing a 2D
rity accumulation as a function of time [5]. In this paper reconstruction of the radiation pattern in the discharge.
we show that all these features can be combined in a posi- Characteristics of discharges in TEXTOR-94 with feed-
tive way for long pulses at high plasm@and density by back controlled energy content and edge neon impurity
using feedback controls for the plasmaand for the ra- seeding—Figure 1(a) shows typical plasma parameters
diated powerP,,q4. This regime could possibly serve as obtained in a Ne-cooled discharge where the total stored
an alternative operational regime for a future fusion poweplasma energy is kept constant with a normalized toroidal
reactor. Note that the compatibility of a radiating bound-8, = 1.65 sufficiently below the limit8, = 2 of the
ary in divertor configuration together with the observationmachine [1]. Omission of the energy feedback can lead
of new confinement regimes has been recently reported ltp confinement transitions (with sometimes spectacular

ASDEX-Upgrade [6]. high B recoveries [8]) or disruptions. Remarkable in this
TEXTOR-94 is a long-pulsed medium size circular lim- figure is the value of the enhancement factgp; of the
iter tokamak (major radiuB = 1.75 m, minorradiusa =  energy confinement time versus the recent reference
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Y] s rycd (a) The gradual increase of the confinement as a function
%8j dia Egia 355 ) b (MW of time is linked to the slight rise in density. This is
807 e O 2T0xTe 3 also reflected in the signal for the total applied additional
604 Pyi+Pge — ' Tskin resistive -3 heating power, which is steadily decreasing as a conse-
40+ S -2 quence of the feedback system. The relative decrease of
203 RAD £ . : -

0 0 P is larger than the increase fifo; according to the rela-
fieo (10 m3] i tion Py ( fro3)® = const as follows from the ITERH93-P
64 ;__Greenwald Scallng .
4] . mit Note that, in the second half of the heating pulse, the
2] Ne - VI [au] i density reaches values above the Greenwald upper density
] / : limit (7e0,Greenwala = I,/ma* using as units10* m 3,
0 Wkwl; 30 MA, m) [10] which has a considerable empirical verifi-

1 Tio— 15 cation when gas puff fueling is employed. The density

] : profiles shown in Fig. 1(b) are characterized by a peaking
1.2_f 00 ! .

1TH93 —fho3 E ELM-free factor v, = n.(0)/{n.(r)) = 2 with central density val-

[ WW\ """" - ?Jn?%‘fmenf ues attainingl0?® m 3, in contrast to the flat profiles ob-
S — L 4 e S - tained inH mode. Improved confinement at these high

0 1 2 Ti 3 (5] b > 6 densities is not due to fast particle contributions as follows

me from the comparison of the diamagnetic and equilib-

n. (M) 100 3] (b) rium (MHD) plasma energies and fromRANSP simula-

e . . e . .
104——— — - tions. The equipartition time is about equal to the energy
095 t[s] | ¥n # 63167 - confinement timery = 50 ms, and the discharges exhibit
1 kS0 : a slightly higher temperature for the ions than for the
0'8; ;‘é - electrons.
07333 Confinement properties-A summary of the confine-
067 2511 ment data obtained is shown in Fig. 2, where the values of
054 %-0 : fuo3 as a function of the central chord line-averaged den-

] i sity are plotted at a plasma currefjt = 0.35 MA. Sev-
0k : AR
i eral important features are visible in this figure: (i) the
e / energy confinement s increasing with increasing density as
029 / 1 I350kA already observed in th&mode of ISX-B [11], (ii) the best
0 P : confinement data are obtained at sufficiently high radiation
E / S S SN S \ g levels(y > 60%), and (iii) high densities are reached, up

120 0 160 180 200 220 to 1.2 times the Greenwald limit, where the plasma energy

Major Radius [m] is nearly thermal. 3, and 3, values increase with density

FIG. 1. (a) Typical example of a discharge obtained ont© about 1.8 and 1.3, respectively, at the highest densities
TEXTOR-94 with feedback controlled energy content and edge

neon impurity seeding. Shown are as a function of time, the 120 b b bbb i b L
signal of the diamagnetic enerdy;., the enhancement factor ERITEE | E
fros with respect to ITERH93-P, the central ion temperature E I g
Ti from CXES of a CVI line, the line-averaged central density “0"5

n.0, the total applied additional heating pow@w; + Prr, 1 ELM-free H-mode confinement

the total radiated poweP.4, and the intensity of the Nau 103 ==5——=rr———————————— P > ———+F

line. The dashed lines indicate the Greenwald density limit E

and ELM-freeH-mode confinement. (b) Density profiles at the 0904

times indicated by the arrows in 1(a), wheyg is the density V10 06<y<08

profile peaking factor. OBOE 008<y<10 , g 3
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scaling ITERH93-P [9] for the divertor ELM-fredd 070y o %ﬁ ?Sgﬁﬁ?}'fld :

mode: It is larger than one for the whole duration of the 60:”1, “ ..i.l?"‘,i.f..

neon seeding phase. This shows that we have a discharge 20 30 &0 50 | 60

with a confinement at least as good as ELM-fréenode. Neq [10°m3]

Note also the long duration of this phase, which is abOUIZIG. 2. Enhancement factgfisss with respect to ITERH93-P

3'5_5 or 70 f:on_finement f[imes (a,nd_ also about equal t'o th\?ersus line-averaged density at a plasma curfgnt 350 KA.
resistive skin time) and is only limited by the flux swing The dashed lines indicate the Greenwald density limit and
capability of the OH transformer. ELM-free H-mode confinement.
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074t e b b b L uniformly distributed, account for most of the radiation
{ feo 3 (maximum values of 0.62 MWn? in the radiation belt,
19 g which extends up t@, = 150 eV). There is only a small
06— 4 02<y<04 ° r contribution to the total radiated power from the central
1 2 04<y<06 © : plasma, where the hydrogenlike, heliumlike, and fully ion-
1 ®06<y<08 ﬂf ] ized neon ions are located. The data displayed in Fig. 5 il-
054 ©08<y<10 @éD : lustrate the stationarity of different impurity related plasma
} yoPad 2, a o® : parameters (brilliance db, and impurity lines, neutron
] Prot, L e 2 A% , 1 yield, and total radiated power) and of the enhancement
041 2° .’ s factor fyo3 during the additional heating phase. Small
]88 ' variations are due to an increase in the electron density,
] Tp= 480KA 3 largely caused by limitations in the feedback system and
03+ e could possibly be overcome by acting on the pumping ca-
30 Lo 9 20 60 pability of ALT-1l and on the wall recycling. Note that the
eg [10°m 3] D, signal does not show any sign of ELMs and the small
FIG. 3. Values for the figure of merit for ignition margin, oscillations seen are correlated with oscillations in the
fuso/qq, at a plasma currer, = 480 kA. feedback system for the horizontal plasma position. We

find that these plasmas with a radiating belt are thermally

reached. The marked increase of the enhancement fact; stable [13], quasistationary, and do not show MARFEs
fHo3 with density is in contrast to the ITERH93-P scaling E{] Furthermore, they are free of central impurity accu-

which shows a much weaker densitv de ende{nceon mulation as seen from the constant ratio of the brilliance
for the ELM-freeH mode. y dep of atoms at the edge, representing the neutral impurity

. flux into the plasma, and of highly ionized stages in the
A large value offyso/qq (With fuso the enhancement plasma ?Ne and C; see Fi% )5/) and from tﬁe neutron
factor with respect to the-mode scaling ITERL89-P [12] reactivit ' '
andg, the cylindrical safety factor at the plasma boundary) Y.

C . : The most direct evidence of the absence of deleterious
is important because the fusion triple product scales as th@ﬁects of the seeded impurity on the central plasma purity
square of this parameter (the so-called f|gure of merit fo

Ots the comparison of the neutron yield at different levels
ignition margin). As shown in Fig. 3, maximum values

for fuse/q. are found at the highest densities reached an8f neon seeding. The neutron yield, which in our case is
are around 0.6, the value required for ITER.
Radiation and impurities—With an increasing radia- N R R R

tion level, the radiating belt at the plasma boundary be- 11 frios

comes poloidally more symmetric as shown in Fig. 4, 97— == P
N . . : 091 Dy [au] -
indicating the dominance as a radiator of the seeded impu- qg] a At s A AN
rity neon over the intrinsic impurities C and O, which radi- o] -
ate more in the vicinity of the toroidal belt limiter ALT-II. 3 " 3
The Li- and Be-like states of Ne, having a larger ioniza- ] . NETUWETITIIN g andier s
tion time than the intrinsic impurities and thus being more 5 :/W Ol [au] »

Neutron_Yield [10%s"]
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/ FIG. 5. Example of the quasistationarity of the impurity
94" content of radiatively cooled discharges. Shown are as a
function of time, the intensity of a line of Neil, Nel, Nel,

Cv, Ci, O1, andD,, the radiated poweP,.4, the neutron yield,
FIG. 4. Tomographic reconstruction of the radiation pattern inand the enhancement factggo; for the energy confinement
the discharge of Fig. 1 (from bolometry) at= 4.4 s. time versus ITERH93-P.
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dominated by beam-target reactions, is mainly proportional In conclusion, a new operational regime possibly suit-
to npo/n.of (Teo) for a given injection energy and power, able for use in a future fusion reactor has been identi-
wherenpg/n.o expresses the target fuel dilution. We find fied on TEXTOR-94. It combines the following attractive
that for a givenT,, the neutron yield is always equal or features: On top of high confinement, high density, high
higher with neon seeding [5,13]. A careful comparison ofplasmag, and the promising heat removal capabilities by
the neutron yield between discharges of the same serigadiation it is characterized by (i) absence of ELMs, ab-
with and without neon seeding leads to roughly the samsence of a power threshold; (ii) presence of peaked den-
target fuel dilution in both cases. This means that thesity profiles facilitating ignition; (iii) a strong increase of
bulk neon concentration is compensated by a decrease tife confinement with density which minimizes the amount
the intrinsic impurities. This can result from a reducedof impurities needed for a given radiation fractignand
sputtering of wall material due to a lower edge temperaturéeads to a favorable pumping efficiency of the pumped
as explained in [14]. Note that although the dilution islimiter; and (iv) a concentration for the seeded impurity
the sameZ. will increase when the atomic number of sufficiently low to avoid detrimental effects on the fusion
the seeded impurity is larger than that of the intrinsicreactivity. Note that these discharges are obtained in a
impurities. pumped limiter tokamak thereby avoiding the need of a
An estimate of the neon concentration in the plasmdradiating) divertor.
volume follows also from a detailed particle balance forthe As the influence of the machine size on these results
seeded neon. Altogether this leads to an estimated averagenot known, extrapolation to larger machines has to be
concentration of about 1.5% Ne for discharge condition@ssessed experimentally anyway for what concerns energy
as shown in Figs. 1 and 5. Such a neon concentratioand particle (D, T, and impurities) transport.
agrees with an estimation of the mezug¢ value obtained
from visible bremsstrahlung which increases from 2.2 in
a reference discharge (in the same conditions as for the .5 at NFSR, Belgium.

shlogt ofiig. 1, but without neon injectiop angh = 4.2 X ~[1] J. Ongeneet al., Nucl. Fusion33, 283—300 (1993).
10” m™”) to the value of 2.6 for the discharge shown in [2] R. Zarnstorffet al., in Plasma Physics and Controlled

Fig. 1. The slight increase ¢ can be understood by Nuclear Fusion Research, Wiirzburg 19@8ternational
the decrease of the intrinsic impurity content as explained  Atomic Energy Agency, Vienna, 1993), Vol. I, p. 111.
above. [3] U. Sammet al., Plasma Phys. Controlled Fusi@5, B167
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