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An overview is given of recent advances toward the realization of high density, high confinement
plasmas with radiating mantles in limiter and divertor tokamaks worldwide. Radiatively improved
mode discharges on the Torus Experiment for Technology Oriented Research 94~TEXTOR-94!
@Proceedings of the 16th IEEE Symposium on Fusion Engineering, 1995~Institute for Electrical and
Electronics Engineers, Piscataway, NJ, 1995!, p. 470# have recently been obtained at
trans-Greenwald densities~up to n̄/nGW51.4! with high confinement mode free of edge localized
modes ~ELM-free H-mode! confinement quality. Experiments in DIII-D@J. Luxon et al.,
Proceedings of the 11th IAEA Conference on Plasma Physics and Controlled Nuclear Fusion
Research~International Atomic Energy Association, Vienna, 1987!, Vol. 1, p. 159# divertor plasmas
with a low confinement mode edge have confirmed the dramatic changes in confinement observed
with impurity seeding on TEXTOR-94. Recent experiment with impurity seeding on the Joint
European Torus@Rebutet al., Fusion Eng. Des.22, 7 ~1993!#, and the Japanese Atomic Energy
Research Institute Tokamak 60 Upgrade@Horiike et al., Fusion Eng. Des.16, 285~1991!; Hosogane
et al., Proceedings of the 16th IAEA Conference on Plasma Physics and Controlled Nuclear Fusion
Research Montreal, 1987~International Atomic Energy Association, Vienna, 1987!, Vol. 3, p. 555#
have extended high confinement in ELMyH-mode plasmas to higher densities. Finally, recent
progress in the physical understanding of radiating mantle plasmas is summarized. ©2001
American Institute of Physics.@DOI: 10.1063/1.1364513#
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I. INTRODUCTION

An operational regime offering a solution for partic
and heat exhaust and at the same time combining high

*Paper CI2 4, Bull Am. Phys. Soc.45, 60 ~2000!.
†Invited speaker.
a!Researcher at NFSR Belgium.
2181070-664X/2001/8(5)/2188/11/$18.00
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finement at high densities close to the empirical Greenw
limit nGW ~Ref. 1! is of crucial importance for a next ste
fusion device (nGW@1020m23#5I p@MA #/(pa2@m2#), where
I p is the plasma current anda the minor plasma radius!. Such
an integrated scenario is offered by the radiatively improv
mode ~RI mode! of the Torus Experiment for Technolog
Oriented Research 94~TEXTOR-94!,2,3 obtained by seeding
8 © 2001 American Institute of Physics
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impurities~Ne, Ar, or Si! in the plasma edge. Impurity seed
ing not only leads to a radiating plasma edge, but surp
ingly to a regime where energy confinement is linearly d
pendent upon plasma density, resulting in a confinem
quality as good as ELM-freeH-mode ~high confinement
mode free of edge localized modes! at the Greenwald den
sity. This regime has been demonstrated for quasistatio
periods of several seconds, equivalent to more than 160
ergy confinement times or several skin times.4 In fact, it is
very similar to theZ mode5,6 of ISX-B ~Impurity Study Ex-
periment B! which was, however, observed in a narrow
parameter range.

Because of the interesting properties of the RI mode
TEXTOR-94, several tokamaks around the world~for an
overview of radiating mantle experiments on a large num
of tokamaks before 1998 see Refs. 7–9!, including
ASDEX-Upgrade10 ~Axisymmetric Divertor Experiment Up-
grade!, TFTR11 ~Tokamak Fusion Test Reactor!, DIII-D,12

JT-60U13 ~Japanese Atomic Energy Research Institute To
mak 60 Upgrade!, and JET14–17~Joint European Torus!, have
undertaken impurity seeding experiments, and several th
retical groups are trying to establish a better understandin
the influence of impurity seeding on the confinement pr
erties of tokamak plasmas. Each tokamak device shows
ferent properties of impurity seeded plasmas, but the c
mon trend is the possibility to achieve high confinement
higher densities approaching or even exceeding the Gr
wald limit due to a decreased bulk turbulence and a c
comitant increase in particle confinement time. It is the a
of this paper to give an overview of the present worldwi
experimental efforts, of the results obtained, and of the t
oretical progress in the physical understanding of impu
seeded plasmas.

II. RECENT RI-MODE RESULTS IN TEXTOR-94

TEXTOR-94 is a medium size tokamak~R51.75 m, a
50.46 m!18 equipped with a toroidal pumped limiter ALT-I
~Advanced Limiter Technology II!.19 The RI mode in
TEXTOR-94 is obtained with~i! neutral beam co-injection
~NBI-co! heating possibly combined with NBI-counte
and/or ion cyclotron resonance heating~ICRH!, ~ii ! with a
feedback controlled seeding of impurities~Ne, Ar! in a bo-
ronized machine, or~iii ! sputtering of Si in a siliconized
machine, possibly further enhanced by feedback contro
Ne seeding. The type of impurity chosen for a given plas
is such that a good mantle radiation has to occur. Confi
ment in the RI mode is given bytRI5Kn̄Ptot

20.66 ~whereK
50.18 if the confinement timetRI is expressed in s, the
central line averaged electron densityn̄ in 1020m23, and the
total heating powerPtot in MW!. Highest confinement is
reached in the absence of gas puffing, when the dischar
fueled predominantly by the particles from the neutral bea
and to a lesser extent by the wall. The linear dependenc
confinement in the RI mode of TEXTOR-94 is however lim
ited by the experimental limitbN;2 ~accompanied by the
appearance of neoclassical tearing modes20! and confinement
rollovers or even backtransitions occur21 when conditions
close to this limit are reached. Indeed, impurity seeding le
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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to an increase in the particle confinement time and a red
tion in the edge fluctuations, as measured by a reciproca
probe.22 This has as a consequence that in many case~i!
TEXTOR-94 RI-mode discharges can maintain a dens
value close to the Greenwald limit by beam fueling only a
~ii ! that a small amount of gas puffing can be sufficient
obtain a large density increase, leading to high values fortE

and consequently also forbN . Therefore the density increas
in this regime is constrained by the maximumbN . Strong
deuterium puffing combined with precautions to avo
MARFE formation~i.e., fresh boronization or siliconization
possibly combined with an outward shift of the plasma ho
zontal position! on the other hand leads to higher densit
~up to n̄/nGW52.0!,23 but confinement is reduced down t
L-mode level. The degrading property of gas fueling is us
to advantage by applying a well-chosen moderate leve
gas puffing in the discharge, reducing the high confinem
of the RI mode at the highest densities to levels avoidingb
limitations. The net result is that even higher densities~up to
n̄/nGW51.4! can now be reached in TEXTOR-94 wit
ELM-free H-mode confinement quality.

A statistical overview of the normalized confineme
time tEP0.66/I p versus the Greenwald factorn̄/nGW is given
in Fig. 1. The data in this diagram belong to a series of sh
obtained atBt52.25 T andI p between 350 and 400 kA, with
Si as radiating impurity resulting from sputtering of the si
conized wall of the machine. Different symbols indicate d
ferent fueling rates. The loci ofL-, H-, and RI-mode confine-
ment and of the limitbN52 are also indicated. Note tha
RI-mode scaling also describes the Neo-Alcator or lin
Ohmic confinement of TEXTOR-94.4 Points with the lowest
fueling rates all follow the RI-mode scaling, which cons
tutes the best possible confinement that can be achieve
TEXTOR at high density. At higher fueling rates a departu
is seen from pure RI-mode confinement, and it is clear t
by adapting the fueling one can stay just under theb limit
and nevertheless followH-mode confinement. The dat
points belonging to the highest fueling rates all have a c
finement close toL mode but can reach higher densities~up
to n̄/nGW51.8 for the discharges considered here!.

Confinement improvement is closely linked to turb
lence suppression in TEXTOR-94. Theoretical models~see
also Sec. VI!24 predict a reduction of the ion thermal gradie
~ITG! turbulence in the bulk plasma due to the presence
the impurity and the peaking of the density profile. The
fect of strong gas puffing is to broaden the density profi
and therefore at the same time to reduce the stabilizatio
ITG modes. Modeling of this effect25 shows the necessity to
also increase the diffusion coefficient of the main plas
particles at the plasma edge in the presence of a strong
puff. This effect could be linked to a destabilization of th
resistive ballooning modes in the edge in the presence
sufficiently large density of neutrals in the edge.26 Indeed,
reflectometer measurements show an increase in the am
tude of edge density fluctuations~2 cm inside the last closed
magnetic surface! under RI-mode conditions25 with moderate
fueling.

The sensitivity of confinement to D2 gas puffing is illus-
trated in Fig. 2, for two discharges obtained with Si as ra
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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2190 Phys. Plasmas, Vol. 8, No. 5, May 2001 Ongena et al.
ating impurity obtained from sputtering of the siliconize
wall of the machine. Additional heating for both discharg
consists of 1.35 MW of NBI-co and 750 kW of ICRH, and
started at, respectively,t50.6 s and t50.7 s. A pre-
programmed ramp of the density is applied att51.2 s. Con-
finement characteristics of the plasma are indicated by
enhancement factorf H98(y,2) over ELM-freeH mode as given
by the ITERH98-P(y,2) scaling law27 and by the value of the
normalized beta,bN . In the first discharge~No. 84644! a
higher density ramp is pre-programmed, leading a degra
tion of confinement at the highest fueling rates down
f H98(y,2)50.85. In the second discharge, a lower dens

FIG. 1. ~Color! Normalized confinement timetEP0.67/I p vs Greenwald fac-
tor n̄/nGW . Different symbols correspond to different values for the ed
neutral pressurepa . The lines correspond to the loci of RI mode,L mode,
ELM-free H Mode and the limitbN52.

FIG. 2. Illustration of the effect of D2 gas puffing on impurity seeded
discharges in TEXTOR-94. In a first discharge moderate gas puffing
been applied~full lines!, the second one was fueled by a strong gas p
~dashed lines!. Shown as a function of time are the resulting values forbN ,
f H98(y,2) and n̄/nGW . Pn is measured in the exhaust duct of ALT-II and
proportional to the edge neutral pressure. Best performance is reache
the discharge with the smallest gas puff and consequently smallest
neutral pressure. Values for the normalized beta,bN;1.8, are reached for
about 2 s or 36tE .
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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ramp and consequently reduced gas puffing rate is app
~No. 84642!. Note that, remarkably, even for similar dens
ties~e.g.,t53 s in No. 84644 andt54 s in No. 84642! better
confinement is nevertheless reached in the discharge
moderate gas puffing, resulting inf H98(y,2) values close to 1.3
at densitiesn̄/nGW51.1, whereas the discharge with heav
gas puff never exceedsf H98(y,2);1.2, even at the higher den
sities reached~up to n̄/nGW51.2!. The confinement perfor-
mance with respect to the RI-mode conditions is stron
linked to the neutral pressure in the plasma edge, as show
Fig. 3, where the enhancement factor versus RI-mode c
finementtE /tRI as a function of the edge neutral pressure~in
this case measured in the exhaust duct of the pumping lim
ALT-II ! is plotted. Remarkably, a unique relationship sho
up between those quantities, for discharges in a wide ra
of densities and performance. The control of the edge neu
pressure is therefore aconditio sine qua nonto maintain
good confinement at trans-Greenwald densities. In this
spect, a feedback system is now planned for TEXTOR-
adjusting the puffing level in order to maintain the plasm
energy constant during density excursions and this sho
allow for even longer stationary phases at trans-Greenw
densities with high confinement.

III. RADIATING MANTLE EXPERIMENTS IN DIII-D

Seeding of impurities has been applied in both ELM
H-mode andL-mode divertor discharges resulting in im
provement of confinement and/or density performance.
the various configurations considered,28,29 we will focus in
what follows ~i! on lower single null ‘‘puff and pump’’
ELMy H-mode discharges~where a large deuterium gas flo
is applied together with the strike points being position
near the entrance of the divertor cryopumps for parti
removal29! and ~ii ! L-mode upper single null divertor plas
mas withq(0).1, and avoid sawtooth which can easily lea
to an L→H transition. It has been verified that negativ

as
f

by
ge

FIG. 3. ~Color! Confinement relative to the RI-modetE /tRI vs the edge
neutral pressure. Different symbols correspond to the different Greenw
factors reached in the discharges. Surprisingly, a unique relation is foun
discharges belonging to a wide range of operational conditions and den
(0.75,n̄/nGW,1.8).
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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shear does not contribute to the confinement changes
served. All discharges have been obtained with NBI-co
only additional heating source.

By seeding of Ar in puff and pump ELMyH-mode dis-
charges radiating mantles could be established,29 and com-
pared to discharges without seeding. The edge pedestal
sure is decreased by about 33% when increasing
radiating power fraction from 0.4 to 0.8,29 for a nearly con-
stant enhancement factorf H98(y,2) . Impurity seeded puff and
pump ELMy H-mode discharges allow operation at high
densities compared to unseeded reference discharges,
out degradation of confinement, as illustrated in Fig. 4.
reduction has been observed in the effective thermal and
roidal momentum diffusivity~as calculated byTRANSP30!,
with a concomitant increase in the thermal neutron prod
tion. An increase in toroidal momentum and in theE3B
shearing rate has been seen, contributing to the stabiliza
of microturbulence, and may be part of the explanation
the decrease in effective thermal diffusivity.

Although not at high density, the results of theL-mode
divertor plasma with negative shear clearly show the ph
cal mechanisms involved in the stabilization of microins
bilities owing to the impurity seeding. Ne, Ar, and Kr see
ing have been applied in such plasmas. The obser
confinement improvement depends on the quantity of im
rities injected and on the impurity used, with the largest
fects being observed with Ne. Figure 5~a! illustrates the ef-
fect on several plasma parameters for a high and
intermediate level of Ne seeding. A near doubling of t
confinement enhancement factor, neutron production,
central ion temperature could be realized. The seeding
impurities results in a modest peaking of the density pro
and a reduction in theDa radiation, consistent with an in
crease in the particle confinement time, as also observe
TEXTOR-94.

Experimentally, confinement enhancement in the
L-mode divertor discharges is accompanied by a strong
duction in the long wavelength density fluctuations, as m
sured by beam emission spectroscopy~BES! and far infrared
scattering. In addition, a reduced particle flux at the edge
measured with Langmuir probes has been observed. The

FIG. 4. Overview of confinement obtained in high density ELMyH-mode
plasmas with puff and pump in DIII-D. Diamonds~gray! represent Ar
seeded discharges, crosses~crosses! unseeded discharges. The presence
the impurity extends the density range for which high confinement is m
tained fromn/nGW;0.75 up ton/nGW;1.
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some peaking of the electron density profile observed w
impurity injection ~as observed in TEXTOR-94!. However,
gyro-kinetic stability analysis shows that the effect of th
peaking on the reduction of the maximum growth rate of
plasma turbulence is modest. During Ne seeding, the toro
rotation profile changes rapidly, the rotation decreases
r.0.85 and increases forr,0.85.12 This results in an in-
creasing rotation gradient enhancingE3B shear. This last
mechanism appears to be the dominant one for the obse
turbulence reduction observed at the beginning of neon s
ing. Modeling shows that the physical mechanisms resp
sible for confinement improvement are impurity induc
growth rate reduction of toroidal drift wave turbulence a

f
-

FIG. 5. ~a! Illustration of the result of Ne seeding inL-mode divertor dis-
charges in DIII-D. Shown are the results obtained for a reference disch
~dashed lines!, a discharge with an intermediate~dot-dashed lines!, and high
level ~full lines! of Ne seeding. For the highest level of seeding a n
doubling is seen in the confinement factorf H98(y,2) , neutron yield, central
ion, and electron temperaturesTI(0) andTe(0). Note that the location of
the measurement forTi(0) of R5189 cm corresponds approximately t
r50.25 and the one of ECE channel 25 forTe(0) to approximatelyr50.36
~adapted from Ref. 12!. ~b! Fluctuation spectra as measured by beam em
sion spectroscopy~BES! for the discharges shown in~a! for t
51.12– 1.22 s at a normalized radiusr50.68 ~adapted from Ref. 12!.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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2192 Phys. Plasmas, Vol. 8, No. 5, May 2001 Ongena et al.
increased radial electric field shear. FromTRANSP30 analysis,
one deduces a reduction of the transport coefficients in
transport channels during impurity seeding:~i! the ion ther-
mal diffusivity at peak performance is reduced to its neocl
sical values,~ii ! the electron thermal diffusivity reduce
modestly~roughly by a factor of 1.5 during Ne seeding!, ~iii !
toroidal momentum diffusivity and particle diffusivity ar
also decreased. CentralZeff values increase~e.g., for Ne
seeding from 1.5 to 3.4!. However, the central deuteron de
sity remains nearly the same, because of the simultane
decrease in the intrinsic carbon density and the peakin
the density. The observed higher neutron yield is consis
with the increase in the ion temperature.

In order to create conditions as close as possible to th
of TEXTOR-94 and to investigate the possible influence
the plasma elongation on the confinement changes with
purity seeding, inner wall limited discharges with a low elo
gation ~k;1.2! @see Fig. 6~a!# have been developed o
DIII-D. 29 Impurity seeding in these plasmas led to a behav
that is qualitatively similar to the TEXTOR-94 RI-mode di
charges, with marked improvements in energy and part
confinement as illustrated in Fig. 6~b!. BES measurement
show also in these discharges a marked reduction in the
wavelength density fluctuations@Fig. 6~c!#, and thus indicate
that the same mechanisms are at work as in theL-mode
divertor discharges.

IV. RADIATING MANTLE EXPERIMENTS IN JET

Radiative mantle plasmas have been realized on JE
L-mode limiter plasmas,15 in L-mode divertor plasmas,16 and
in ELMy H-mode plasmas.14,17 In what follows we will re-
strict the discussion to the results obtained in the latter p
mas, because it allows extending good confinement at hig
densities, close to the Greenwald density limit. TheX point
has been lowered in those discharges onto or just inside
material barrier~called septum or dome! dividing the inboard
and outboard sides of the divertor, resulting in the so-ca
‘‘septum’’ configuration. ~see Fig. 7!. This configuration
thus represents a combination of a divertor and pumped
iter configuration. Due to the lowerH-mode power
threshold,31 these plasmas have the added advantage to
in H mode even at high radiation levels. Figure 8 illustrate
typical time sequence for such a discharge. After the star
the additional heating, a strong gas puff is applied in orde
increase the density. Confinement is strongly reduced in
phase due to the strong gas puffing as also observed
TEXTOR-94 and in other plasma operational scenarios, e
the ones used in D–T experiments in TFTR.32 The confine-
ment degradation is clearly shown in the reduction of
enhancement factorf H98(y,2) , decreasing from 1.13 to 0.76
During the D2 puffing phase, additionally Ar seeding leads
an increase in the radiative power level and in the plas
density, as a result of an increase in the particle confinem
time during impurity seeding, as observed on TEXTOR-
After the closure of the D2 gas fueling valve, the densit
remains the same, but confinement is restored, and in
way we reach outstanding values for the prod
f H98(y,2)n̄/nGW;1.0 at n̄/nGW;0.9 and radiation fractions
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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Prad/Ptot up to 60%. Those values can last for three to fo
confinement times. This phase is called in what follows
‘‘afterpuff’’ phase. During this afterpuff phase, careful A
and D2 puffing is applied to keep the radiation level and t
plasma density as constant as possible. For the discha
under consideration most of the radiation is localized in
edge and not in the divertor and/orX point, typically
Pdivertor/Ptot;15% – 20% for impurity seeded ELMy

FIG. 6. ~a! Plasma shape for near circular discharges in DIII-D with
elongationk;1.2. ~b! Influence of Ne seeding on the radiation, neutr
yield, density and stored plasma energy in nearly circular discharge
DIII-D. Full lines correspond to the discharge with Ne seeding~No.
102115!, dashed lines to the reference discharge without Ne seeding~No.
102118!. ~c! Fluctuation spectra as measured by beam emission spec
copy for nearly circular discharges of~b!.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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H-mode shots in the septum configuration. Ar seeding
more adapted to the JET plasma parameters than Ne, a
latter leads for a given radiation level to a higherZeff .

The presence of the impurity not only increases rad
tion, but can also change the character of the ELMs. Ind

FIG. 7. JET divertor with barrier~‘‘septum’’ or ‘‘dome’’ ! separating the
inner from the outer divertor leg. In so-called ‘‘septum’’ discharges, theX
point is located on top of or slightly inside the septum.

FIG. 8. Time traces for a typical impurity seeded discharge in JET, wit
so-called ‘‘afterpuff’’ phase. Shown as a function of time are the confi
ment factorf H98(y,2) , the Greenwald factor, neutron yield, bulk radiatio
and deuterium and Ar puffing. The main puffing phase is followed by
so-called ‘‘afterpuff’’ phase~consisting in this case in a mixture of careful
chosen levels for D2 and Ar puffing!, during which high confinement and
high density is simultaneously realized.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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a difference has been observed in the effect of the impu
on the character of the ELMs if applied during the D2 puffing
phase or during the afterpuff. Impurity seeding~by Ar or Ne!
applied during the main D2 puffing phase can change th
ELMs from type I to more benign high frequency type I
ELMs. Surprisingly, impurity seeding applied in the afte
puff gives rise to opposite effects reducing the frequency
type I ELMs, and can, with sufficient Ar seeding, lead
intermittent ELM-free phases, and a tendency to impur
accumulation. Impurity seeding thus provides an additio
knob to change the behavior of the ELMs, and thus poss
is a means to optimize in a general way the properties of
H mode.

The fact that impurity seeding during the puff is able
further increase the plasma density is illustrated in Fig. 9~a!
for two discharges with and without Ar during the D2 puff,
but otherwise the same operational plasma parameters.
discharge with Ar puffing shows during the D2 puff a 10%–
15% higher density compared to the shot without impur
puffing, and reachesn̄/nGW;95%. Due to the higher densit
reached,Zeff is not increased but is even somewhat lower
the discharge with impurity puffing, and reaches a va
down to about 2. As confinement is nearly the same in b
cases, this example illustrates clearly that impurity seed
allows one to increase the productf H98(y,2)n̄/nGW up to 1.0.
Part of the confinement changes during Ar seeding at a g
~high! density are due to the change in the character of
ELMs as discussed previously: reduction of the ELM fr
quency, due to the presence of Ar, with a similar pedes
resulting in smaller losses via ELMs. Nevertheless, fun
mental changes in bulk confinement must also take place
indicated by a clear drop inxeff ~calculated byTRANSP30! in
shots with Ar seeding, illustrated in Fig. 9~b!. Figure 10
gives an overview of the data obtained in ELMyH-mode
septum afterpuff discharges and compares them with pr
ous JET data obtained without impurity seeding in the va
ous divertor configurations tested up to the end of 1999. I
clear that the data points with impurity seeding are exceed
those without impurity seeding, with outstanding values
the productf H98(y,2)n̄/nGW;1.0 at densities aroundn̄/nGW

50.9. Such phases have been obtained stationarily in JET
durations of about 1.2 s or 3tE . Quasistationary phases wit
a slow reduction in density by about 20% but otherwise c
stant values for confinement and radiation, have been
tained for about 8tE . Further experiments are aimed at rea
izing longer stationary phases for the density, radiation le
and confinement.

V. RADIATING MANTLE EXPERIMENTS IN JT-60U

In JT-60U Ar11 seeding has been applied in ELM
H-mode discharges. Note that this machine is equipped w
a W-shaped divertor, composed of a dome, inner and o
divertor plates. Recently, feedback controlled Ar seeding
been applied in the main chamber in high triangularity~d
.0.35! ELMy H-mode plasmas, heated by neutral bea
~16–20 MW! at a plasma currentI p51.2 MA, toroidal mag-
netic fieldBt52.5 T, andqedge;3.4. In this way conditions
could be realized with simultaneously a high radiation fra
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-

e
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tion Prad/Ptot;80%, densitiesn̄/nGW;0.65, and high con-
finement f H98(y,2)51 for a duration of about 2.5 s. Furthe
more, Ar seeding leads to an increase in stored energ
about 40% at a density ofn̄/nGW;65%, and higher neutron
yields are observed. The radiation profile shows the form
tion of an edge radiating layer. AnX-point MARFE is usu-

FIG. 9. ~a! Comparison of two ‘‘afterpuff’’ discharges in JET with~full
lines! and without~dashed lines! Ar impurity seeding. Shown as a functio
of time are the plasma stored energyE, confinement factorf H98(y,2) , Green-
wald factor, effective plasma chargeZeff , and gas puffing scheme. Note th
the discharge with impurity seeding reaches a lowerZeff;2 in the ‘‘after-
puff’’ phase, showing clearly the overwhelming effect of the density
crease on the plasma dilution. Note that the zeros have been suppres
all but one of the ordinates.~b! Comparison of the radial profile of the
effective thermal diffusivityxeff during the ‘‘afterpuff’’ (t521 s) for the
two discharges of~a!. The dashed curve refers to the discharge without,
full curve to the discharge with Ar seeding. Error bars are indicated by
small vertical bars. The discharge with Ar seeding shows a net reductio
xeff over most of the plasma radius.
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ally seen at densities aboven̄/nGW550%, independent of Ar
seeding, and is the dominant source of radiation in the
sence of Ar. With Ar seeding, however, up to 60% of t
radiation losses are located in the main chamber. Typ
plasma profiles are shown in Fig. 11. For a given dens
profile, higher central temperature profiles are found w
steeper gradients, indicative of fundamental confinem
changes in the core. Also the plasma edge is affected by
presence of the impurity as a higher ion temperature is m
sured at the pedestal. In fact, there is a relation between
edge temperature and the confinement improvement and

d in

e
e
in

FIG. 10. Plot of the productf H98(Y,2)n̄/nGW vs n̄/nGW for JET. Squares
indicate JET discharges without impurity seeding and are selected from
dataset contributed to the ITER confinement database~including data from
discharges up to the end of 1999!. Stars indicate discharges with impurit
seeding from recent campaigns. Outstanding values off H98(y,2)n̄/nGW;1.0
at n̄/nGW;0.9 have been reached recently in impurity seeded dischar
All data are selected according to 0.175,d,0.3, 2.3,Ip(MA) ,2.6, 2.3
,Bt(T),2.6, 9,Pin(MW) ,14.

FIG. 11. Effect of impurity seeding on plasma profiles in JT-60U. Sho
are the profiles of the radiated power, plasma density, and ion and ele
temperature. A clear increase in the central temperatures is seen, indic
a genuine core confinement improvement~adapted from Ref. 13!.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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suggests temperature profile stiffness attributed to the
mode. As on JET with Ar seeding in the absence of a2
puff, there is an obvious reduction of the frequency of t
ELMs, as soon as Ar is introduced in the discharge. B
these edge and core effects clearly show again the fundam
tal changes induced in plasma confinement by the pres
of the radiating impurity. These changes are thought to
related to the stabilization of ITG modes, and further work
underway to elucidate the precise mechanism.

An overview of the confinement obtained is given in F
12. Different symbols reflect different levels of Ar seedin
At the highest levels (nAr /n̄;0.5%) ELMy H-mode con-
finement (f H98(y,2)51) can be extended ton̄/nGW565. At
densities aboven̄/nGW575%, the plasma is very sensitive
even tiny amounts of impurities, and radiative collapses e
ily occur. Up to now this prevented a further extension
improved confinement to even higher densities. One wa
counteract such collapses would be to increase the ce
electron temperature. To try this a more elaborate feedb
control for impurity seeding, involving a feedback on th
central heating, is now under development.

VI. THEORETICAL UNDERSTANDING OF
CONFINEMENT PHYSICS IN RADIATING MANTLE
PLASMAS

A. Simulation of turbulence with three-dimensional
gyrokinetic codes

The physical mechanisms of turbulence suppression
anomalous transport reduction in RI-mode plasmas h
been investigated with nonlinear gyrokinetic particle simu
tions in toroidal geometry, including global profile variatio
effects and multiple ion species.33,34 Both L-mode and RI-
mode TEXTOR-94 plasmas have been simulated in the
ear and nonlinear~i.e. saturated! state of the turbulent fluc
tuations. From the simulations, direct stabilization of IT
turbulence and improved ion thermal confinement has b
found in neon-seeded discharges. The highest charge s
of Ne induce a stabilizing effect on the linear growth of IT
modes by factors of 2 to 3. In addition, during the RI-mo
phase radiation cooling results in a further reduction of
turbulence since the temperature profiles adjust to bec
closer to the marginally stable ones for ITG turbulence. T

FIG. 12. Confinement factorf H98(y,2) vs n̄/nGW for discharges in JT60-U
with different amounts of Ar seeding. Black dots refer to discharges with
Ar seeding. The highest levels of Ar seeding lead to the realization
f H98(y,2)51 up to n̄/nGW50.65 ~adapted from Ref. 13!.
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is illustrated in Fig. 13 that shows the spatial distribution
the turbulence and the reduced levels in going fromL-mode
initial profiles to RI-mode profiles taken immediately aft
the transition. The stabilizing effects of neon were also fou
to be sensitive to the level of edge turbulence. When
edge ion temperature profile gradient was increased loc
the stabilizing effect of the neon impurity on the ITG mod
in the linear phase did not persist in the nonlinear phase
addition, two other important effects were uncovered in
TEXTOR case. The first is theE3B shearing rate from the
combined effects of the equilibrium radial electric field a
the turbulence-induced fluctuating radial electric field. Wh
the growth rate of the ITG modes is reduced to levels co
parable to theE3B shearing rate, the suppression effec
were much stronger. Second, there is also sensitivity to
impurity concentration. With increased impurity seeding,~i!
stronger stabilizing effects are observed on ITG turbule
levels and~ii ! larger profile adjustments from radiation coo
ing.

In order to understand whether these results could ext
to plasmas which have a weaker collisionality and sma
r* 5r i /a ~with r I the ion Larmor radius! we have made a
numerical experiment consisting in using profiles fro
TEXTOR-like L-mode and RI-mode discharges but wi
doubled electron and ion temperatures. The weaker collis
ality with higher temperatures reduces the linear growth r
of the ITG modes by about 10%. Without the addition
impurities the saturated fluctuation amplitude of the turb
lence is approximately the same in both the regu
TEXTOR-94 case and the one with doubled temperatu
There are two reasons for this. First, the collisionality dep
dence of the ion thermal transport is found to be weak in
L-mode regime.35 Second, ion thermal transport is found
be Bohm-like in theL-mode regime, exhibiting a weak de
pendence onr* and this is found both experimentally~using
dimensional similar discharges! and in simulations.33,35

When Ne is introduced into the TEXTOR-94 plasmas with
doubled temperature, a reduction in the saturated fluctua
level and ion thermal transport is observed, similar to
regular TEXTOR-94 results. We conclude that a lower va
for the collisionality ~as it is for larger machines or in
reactor!, cannot inhibit the stabilizing effect of the seede
impurity.

B. Reduction of ITG turbulence

In the fluid approximation, the surprising effect of impu
rity seeding as seen in TEXTOR-94 RI-mode plasmas
also be understood as caused by the reduction of ITG tu
lence. According to the model in Ref. 24, a simplified e
pression for the linear ITG growth rate is given by

g ITG}A e i

Zeff
S 12

0.67

h i
D2

e i

4h i
2

with e I52R/2(d ln Ti/dr) characterizes the gradient of th
ion temperature,h i5d ln ni /d ln Ti determines the peaking o
the ion temperature profile,R andr are the major and mino
radius of the plasma. An increase inZeff , brought about by
the impurities, reduces the ITG turbulence in this mod

t
f
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FIG. 13. ~Color! Electrostatic potential fluctuations as found in 3-D nonlinear gyrokinetic calculations using measured plasma profiles. Shown are t
obtained for aL-mode and RI-mode shot, in the linear and saturated turbulence phase. Note the larger scale used to plot the saturated phase, s
importance of saturated turbulence over the linear one. The reduced level of turbulence during the impurity seeding in the TEXTOR-94 RI modey
seen.
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Once the damping of the ITG modes sets in, a nonlin
amplification of the quenching of the ITG modes occurs, d
to the dependence onh i . Indeed, the reduction of the ITG
modes increases the relative importance of the dissipa
trapped electron~DTE! mode turbulence in the plasma, wit
a growth rategDTE proportional to 1/h I .

To describe the evolution of the profile peaking in TE
TOR RI-mode discharges, we introduce the function

G~h I !5G~h i !2
1

r E0

r

Se~r 8!r 8 dr8.

For a given plasma minor radius, this function must be eq
to zero in steady state to satisfy the continuity equation
the electrons at that radius. In this model, the dominat
transport channels are considered to be due to ITG and D
modes and thenG5GDTE1GITG . The function G(h I) is
shown for a particular TEXTOR RI-mode discharge at
given radius in Fig. 14. At lowZeff , the function G(h I) has
three solutions, of which only the one corresponding
highesth I describes theL-mode state. There are two ways
which this function can produce only one solution with lo
h I values. First, for a given source term, the maximum va
of G(h I) decreases with increasingZeff and for values ex-
ceeding a certain threshold, a spontaneous bifurcation t
place, characterized by a low value forh I , corresponding to
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
r
e

ve

al
r
g
E

e

e

es

the RI-mode of TEXTOR-94. Second, for a givenZeff , an
increase in the source term also reduces the value of Gh I)
and for a sufficiently strong source term, only the soluti
with the lowesth I remains. In practical terms, this mean

FIG. 14. The function G(h I) plotted vs 1/h I at a minor radiusr 530 cm of
TEXTOR discharge 68803. Depending on the value of the bulk part
source term andZeff , this function can bifurcate from a solution at a low t
a high peaking factor~adapted from Ref. 24!.
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that an increase inZeff or a sufficiently large source term ar
needed to realize the peaking required for the RI mode. N
that it is not straightforward to extrapolate the predictions
this theoretical description to reactor-like machines, with
much lower collisionality, as the dependence ofgDTE varies
with collisionality. This results in another expression for t
function G(h I), leading to another behavior of the solutio
of this equation. This is currently under investigation.

C. Canonical profiles transport model

It is in this context interesting to indicate a totally di
ferent approach to the two models mentioned previou
The basic idea of the canonical profiles transport model36 is
the ‘‘profile consistency principle’’ as first proposed b
Coppi37 and confirmed later in a large number of expe
ments. Instead of trying to explain the various details
plasma transport, ‘‘canonical plasma profiles’’ are propos
in this model for the poloidal magnetic field, which in tur
determine the profiles for temperature and density. Anom
lous values for the transport coefficients appear in the mo
when the real plasma profiles deviate from the canon
ones. The differential equations for the canonical profiles
found with appropriate boundary conditions. To describe
RI mode a change in the standard boundary condition
necessary and leads to a change of the canonical pro
such that the edge values of the plasma parameters ha
determining influence on the core temperature and densit
detailed account on the description of the RI mode with t
model can be found in Ref. 38.

VII. CONCLUSIONS

Radiative mantle plasma experiments are being purs
in all large tokamaks around the world. Although the ma
nitude of the effects observed are not yet at the same lev
observed in TEXTOR-94, all experiments described in t
paper, either in limiter or divertor configuration, have sho
that impurity seeding results in either~i! an increase of con
finement at a given density or~ii ! enhanced confinement a
higher densities. For some machines this resulted in
ELM-free H-mode confinement quality close to or even b
yond the Greenwald limit. In contrast to strong deuteriu
puffing which leads to energy and particle confinement r
over, impurity seeding can lead to energy and/or part
confinement improvement.39 The primary candidate explana
tion of the confinement improvement with impurity seedi
is stabilization of the ITG modes in the plasma bulk due
the presence of the impurity with the accompanied den
peaking and/or—as seen on some machines—an increa
theE3B shearing rate@for more details see Ref. 40#, result-
ing from a steeper toroidal velocity profile. TEXTOR-94 h
also shown the decisive influence of gas fueling on the c
finement properties of RI-mode discharges resulting from
increase of fluctuations close the to last closed magnetic
face, and has used this to advantage in order to reach
confinement (f H98(y,2)>1.3) at the highest densities (n̄/nGW

51.4).
In JET, outstanding values for the productf H98(y,2)n̄/

nGW;1.0 have been obtained atn̄/nGW;0.9, with Ar seed-
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ing in ELMy H-mode divertor ‘‘septum’’ plasmas, for dura
tions of about 3tE in the ‘‘afterpuff’’ phase. The radiation is
peaking in the plasma periphery with only a small part loc
ized in the divertor: about 15%–20% of the total radiatio
including theX point. Further investigations aim at extendin
the stationarity of the density during the high performan
afterpuff phase.

In JT-60U, radiating mantle plasmas have been obtai
by seeding Ar in the divertor, and have also allowed one
extend high confinement conditions of ELMyH-mode plas-
mas (f H98(y,2);1) to higher densities (n̄/nGW;0.65). As in
JET, Ar injection leads to the creation of a radiating man
and to an increase in confinement in both the pedestal
the bulk plasma. For a given density, the plasma tempera
is increased, showing a fundamental change in bulk confi
ment.

In DIII-D, impurity seeding combined with specialize
techniques for fueling and exhaust it has been possible
obtain stationary ELMyH-mode discharges withf H98(y,2)

;1 at densities near the Greenwald limit. Dedicated stud
with extensive diagnostic coverage inL-mode divertor plas-
mas at lower densities have clearly demonstrated a str
reduction of turbulence resulting from impurity seedin
Similar studies are underway in JETL-mode divertor plas-
mas for comparison and first results indicate the occurre
of similar phenomena, although confinement enhancemen
theseL-mode limiter discharges are limited by the early o
set of magnetohydrodynamic activity, i.e., ELMs, sawtee
or n52 modes. In addition, experiments have been de
cated to nearly circular~k;1.2! inner wall limited plasmas
in DIII-D to study the influence of the plasma shape and
link with TEXTOR-94 RI-mode plasmas. Also in this case
clear reduction in core turbulence has been observed du
impurity seeding.

Two classes of models are used in the theoretical in
pretation of radiative mantle discharges. A first class, c
sisting in a detailed description or numerical simulation
turbulent plasma processes, and a second class based
minimal energy principle. The first show a reduction due
the presence of the impurity of toroidal drift wave turb
lence, via the increase inZeff and peaking of the density
profile and/or increase in theE3B shear rate. Another im-
portant mechanism to reach high density is also the effec
the impurity on the particle confinement time and on t
reduction of turbulence associated with the pressure of m
gas neutrals at the plasma edge. The second class u
description based upon the minimization of a free ene
functional to determine so-called ‘‘canonical profiles,’’ an
the deviation of the real plasma profiles from the canoni
profiles determines anomalous transport. In this last mo
the RI mode can only be described if there is a strong in
ence from the plasma edge on the final shape of the profi
in contrast to theL mode where the edge plays a minor ro
in determining these.

In conclusion, it has been shown in the past years t
impurity seeding has resulted in a significant increase
plasma performance in the larger machines DIII-D, JT60
and JET. This is a remarkable result, given the variation
size and the differences in the operational details of the
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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ferent tokamaks. We are opening here a fully unexplo
branch of tokamak physics with potential applications for
integrated operational regime of a future fusion reactor.
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