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Abstract

The radiative improved mode ig@kamakregime offering many attractivereactorfeatures.n this paper
the RI-modeof TEXTOR-94is shownto follow the samescalingasthe Linear Ohmic Confinementregime,
thus identifying it as one of the most fundamentaltokamak operationalregimes.The current understanding
derived from experiments and modeling of the conditions necessary for sustaining the mode is es/éaae
mechanismdeadingto L- to RI- modetransition. The compatibility of high impurity seedingwith the low
central power density of a burning reactor is discussed as well as RI-mode properties at anthbeymathwald
density.

1. INTRODUCTION

In a given device, the dominant scaling parameterfor the energy confinement t in
ohmically heatedtokamak dischargesis the density, as reflected in the Neo-Alcator or Linear
Ohmic Confinement (LOC) scaling law

Tna ONRZaqONRBE ! (1)

wheren is the central line-averaged density, R and antlagor and minor radius respectivelyand
q the safety factor at the plasmaboundary, B the toroidal field and Ip the plasmacurrent. In
contrast,in auxiliary heated discharges,the density is normally of minor importance and
essentiallyreplacedby the plasmacurrent as the main scaling parameter,whereasin addition
degradation with increasing power occurs. Examples of these are thelLFhitle scalinglaw L-
89P, which,for deuteriumplasmasand appliedto TEXTOR-94 geometry,reads(units : n (1020
m3), B(T) , b (MA), P(MW)):

T go-p =0.1050%10 B2 785p™ 05 (s), (2)

and the ITER ELM-free H-mode scaling H-93P, which predicts:
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Fig. 1 Temporal evolution of H-mode enhancement factor fygs, line density ng, heating
power (ICRH and NBI) and intensity of Ne-VIII line in long pulse RI-M discharge.

The Radiativelmproved Mode (abbreviatedRI-M) [1-4] is an auxiliary heatedregime in
which the confinementis improved with respectto the L-mode scaling and which, becauseit is
characterised by the reappearancdhefdensity asthe main scaling parameterpermitsto obtain
confinementashigh asH-mode. The qualifier “radiative” refersto the fact that the mode was
discoveredwhile establishingthe feasibility of the ‘cold plasmamantle’ conceptas a meansto
solve the reactor exhaustproblem [5,6]. This RI-M regime allows to produce in TEXTOR-94
simultaneouslymany highly desirablereactorfeatures:(i) confinementof the quality of ELM-
free or ELMy H-mode (= 0.85 ELM-free) at densitiesaround the Greenwalddensity limit, (ii)
edge radiation fractions up to 95% of the tatgdut power,(iii) high beta (normalisedbeta =2
or poloidal beta Bp=1.5), i.e. up to the previously observedbeta limits of TEXTOR-94, (iv)
negligible effect of the seededmpurity on the neutron yield, (v) high valuesfor the figure of
merit for ignition margin [fgg/q up to 0.80 at high densities.Here, f| g9 is the enhancemenfactor
of the observedtonfinementwith respectto the scalingexpression(2) whereadater on also fig3
will be used to denote thenhancementvith respectto expression(3). Theseexcellentproperties
can be stationarilynaintainedfor timesaslong asthe availableflux swing. Figure 1 showssuch
an examplesustainedfor 7s which amountsto 160 T, i.e. the ratio of burn time to confinement
time for ITER and longer than the current diffusion time for the discharge concerned.

The present paper presents arerview of the recentdevelopmentsn the experimentalRI-
mode program of TEXTOR-94 and of the advances tiaate beenmadein the understandingof
the nature and the operational requirements of the RI-M.

2. THE CONFINEMENT OF THE RI-MODE

The crossesin Fig. 2 show, plotted versusthe normaliseddensity n/ng, (or Greenwald
number Ng;) where Ng, is the Greenwalddensity (= Ip/mt &), the quantity T PO67l, for the
auxiliary heateddischarges(combinationsof NBI-co, NBl-cou and ICRH) in the TEXTOR-94
databasg250 < Ip (kA) <500,1.7 < B(T) < 2.6, a = 0.46 m, deuterium,boronisedwalls), in
which neon was used as a seeding element to set the radiating rAatlshownon this diagram
by the circles are the ohmic discharges from which these discharges dtartetioweverthat the
neon was only introduced in the auxiliary heated phase of the discharges.For each of the
auxiliary heateddischargeswe have moreover calculatedt gg P27, i.e. using for T the value
given by Eg. (2), and find all thesepredictionsto fall in a domain delineatedby the contour
marked L-mode. Two straight solid lines are also added to the figure, representing respectively

1=0.18n P-067 (s), and (4)
1=0.151p P-067 (g), (5)

The first of theselines passesat the sametime through the LOC points and through the highest
auxiliary heated discharges (which we qualify as RI-M discharges). The lowest auxiliary heated
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Fig. 2. The TEXTOR-94 database of auxiliary (crosses) and ohmically (circles) heated
plasmas plotted in a (r P%67 / 1, , normalised density) diagramme. The lower contour
delineates the domain of the L-mode prediction and the upper one that of the H-mode

prediction for the auxiliary heated discharges. Also shown are the lines corresponding to
Egs. (4) and (5).

discharges and the saturated ohminfinement(SOC) onesare seento overlap mutually aswell

aswith the domain predictedby the L-mode scaling law, and are (neglectinga weak n and B

dependence)vell approximatedby the secondline. A last addition to Fig. 2 is the contour
marked H-mode which contains the points representingtygz PO67I, of the auxiliary heated
dischargesconfirming that the RI-M surpasseshe ELM-free H-mode at a density somewhat
below Ng, = 1.

It is worthwhile adding that with a freshly siliconised wall the center of gravity of the
auxiliary heating shot databasedecisively shifts away from the L-mode and aligns almost
exclusively with the RI-M onelNote finally that Egs.(4) and (5) pertainonly to D injection in D
plasmas and that for H into D lower confinement is found [7].

From the data shown in Fig. 2, it would appear that the RI-M and the LOC discharges do
only havea common density dependencd8] but indeedfollow the samescaling. For the LOC
data this confirms the weaker current dependence(note also that P O Ip) found earlier on
TEXTOR [9] and that the B-dependence on modern day machines [10] appears/¢akszthan
expressedy Eqg. (1). For the RI-M data,Eq. (4) essentiallyreproducesthe earlier RI-M scaling
[3, 8] except that specific B-dependence studies have shown the latter al$o beenimportant.
The similarity of the scaling in SOC and L-mode waed before [11]; in TEXTOR-94 they are
apparently identical.

These observations lead to the following conclusions: (i) The cudegpgndencen Eq. (1)
is also effectively a power ormuchthat ohmic LOC plasmasdegrade’ with power. The RI-M is
characterisedy the samescalingand doesnot presentan extra degradationwith respectto the
LOC. The fact that Egs. (4) and (5) have the same power dependence suggests that in alt regimes
decreasesvhenthe temperatureT increasesand that this dependencas of the form T-2. For the
LOC - RI-M branch,Eq. (4) suggestghat the effective thermal conductivity, which we will call
XRiM, Scales as L,

(i) If the identity in scaling implies the same physics, RleM databasds alsothe LOC database
and actually also the Improved Ohmic Confinement(I0C) databasemeaningthat obtaining the
RI-M out of L-mode might need the same control actions as getting 10C out of B@MRI-M is
then also not a peculiarity but @e of the mostfundamentaltokamak modes(LOC - IOC - RI-
M), not unexpected[12] but requiring considerableoperationalskill to achievewith auxiliary
heating.

Indeed, to reach by means of RI-M &pg3 of at least 0.85 a certain humber of control
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Fig. 3 (&) Schematic version of Fig. 2 with trajectories of discharges of (b) =1 and (¢) =2.
(b) Temporal evolution of the energy Egis, NEON monitor or gas programming, line density
Ne, Uxrim, the particle confinement time 7, and the density profile peaking y, for
discharge 68803 (I, =0.41 MA, P = 245 MW, B =2.23 7).
(c) idem for discharge 76158 (Ip =0.41 MA, P = 2.68 MW, B =2.23 T).

conditions have to be fulfilledi) y = B,dP > 0.45-0.5 through the seeding (N&) or sputtering
(Si) of medium Z impurities; (ii) a density exceeding about 75%hefGreenwalddensity; (iii)) a
minimal deuteriumco-injection of 20 to 25% of Py in a deuterium plasma;(iv) an optimum
horizontal position dependingon the current,toroidal magneticfield, heating scenarioand wall
condition; (v) lowgaspuff rate. Pleasenote thatin ASDEX [13] neon seedingand low gasfeed
rates were agents for allowing accéssn the SOCto the IOC, while SOConly occursabovethe
Shimomura density [11] which equals O, . It is alsoimportantto note herethatin ISX-B it
was possible to generatea density dependentscaling in auxiliary heated plasmasby either
increased radiation or plasma position displacements [14].

3. UNDERSTANDING THE RI-MODE

The TEXTOR confinementsituation can schematicallybe summarisedin Fig. 3a. To aid
our understandingof the RI-M we describethe temporal evolution of two model discharges,
giving rise to the trajectoriesl and 2. Trajectory 1 is that of a discharge(seeFig. 3b) evolving
from L to RI-M as a result of neon injection at high density. The other trajectory tracesa
dischargewith siliconisedwalls which staysall the time in the RI-M while gaspuffing raisesthe
density.

The mostsalientfeature of dischargel is the peaking of the density profile (characterised
by the ratio y, of the centraldensityto the volume averageddensity n(0)/<n>) occurring as the
result of the neon injectiowhile fg3 risesfrom 0.72 to 1.03. In discharge2 (Fig. 3c) fyg3 rises
from 0.65 to 0.95 but y, remainspractically constant.Note that in discharge2 the confinement
increase tracks the increase in r¢/ile. inxgrim~L. As this is not at all the case fdischargel, one
hasto conclude that the physical mechanismdeading to confinement improvement are quite
different. Also the particle confinement timg evolvesquite differently. The high energy phases
are both RI-Mode, however, and their valueg@f, Tp andy, are quite similar. Note in passing,
that, although there is a strong dependenceof 1, on density in the RI-M [15], the particle
confinement at the same density is higher in RI-M than in L-mode.

The picture that emerges globally from this type of comparisons is that the RI-k&dgnae
with peaked profiles and high particle confinementin which the transportis governed by a
turbulent mode with an effectivegIT2/n, a prototypical example of which might be the Dissipative
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FIG. 4 Edge operational diagram of the RI-mode, different symbols indicating energy
enhancement with respect to ELM-free H-mode (0.80 < Ng; <1.1, 2.0<P<3.0 MW). Also
shown is the trajectory followed by the discharge of Fig. 3b.

Trapped Electron Mode. Notearefully that a RI-M doesnot necessarilyhaveto grow out of an
L-mode, as demonstrated by trajectory 2. However, when it does so, as is the case in discharge 1, i
different turbulent mode must be first quenched before the RI-M can be obtained.

Note furthermorethat the true characterof the L-mode can only show up where a clear
distinction with the RI-M is possible, typically above;N= 0.75. There, L-mode plasmas frdahe
data base (fg3 < 0.75) are broad with, of order 1.4-1.6 whereas a RI-M witin fg3 of at least
0.9 requires y, of 1.6 or higher (see also Fig). Observationsare that both the presenceof the
NBI-Co beam [16] and the plasma displacements are needed to assure this peaking to be possible

4. MODELING THE L-MODE TO RI-MODE TRANSITION

Understandingthis growth of RI-M out of L-mode requires then to (i) ascertainthe
mechanismof profile peaking, and (2) identify the mode dominating L-mode confinement.
Significant progress has been made on both these scores.

Modeling the density profiles with the RITM code has shown [17] that an essential
ingredient forpeaking the density profile is the action of the radiative mantle on the anomalous
inward pinch y,, which is taken of théorm v;, =1/2T, dT/dr D, whereD is the perpendicular
particle diffusivity. This form can be justified by argumenfsprofile consistency{18], but more
generally as a fundamental off-diagonal contribution of the transport matrix for fluctuation
driven particle transport [19]. It was also found to be essentialin explaining the SOC-10C
transitions in ASDEX [20]. Impurity seedinigwersthe temperatureat the edge and steepenghe
temperature gradient deeper inside the plasma. As at the same time the edge densitytiskfeund
lowered or clamped, the neutral ionisation length and the fuelling efficiency increaskeasdige
diffusivity decreaseseffects which all further favor the profile peaking (leading as well to an
enhancedr,). Typically, the ratio v;,/D increasegylobally by a factor of two. Note that the thus
sketchedinterplay resultsin the edge plasma properties becoming a sensitive monitor for
distinguishingL and RI-M [21]. In Fig. 4 it is seenthat dischargesin the density range 0.8 <
n/Ng <1.1 have edge densitiesand edge temperaturesat the LCFS which clearly separate
according to their L- (0.5 <4§3< 0.7) orRI-M-character(0.85 < fgsz< 1.10). Also shownin this
diagram is the trajectory followed by our model discharge (Fig.3b).

The strong increase af, substantiallyreducesthe convectiveenergy lossesand is found in
simulations by means of RITM and TRANSP toresponsiblefor up to a quarterof the energy
confinement improvement. The major part is however wua reductionin thermal conductivity.
Figure 5 shows the changes in the effectteaductivity X (electronsand ions combined)given
by TRANSPfor the two model dischargesof Fig. 3. In both casesxesf changesover the whole
profile. Indicationsare that the ion channelgetsa larger shareof the energyincreasein Fig. 3b
than in Fig.3c. Modeling by meansof a nonlinear gyrokinetic particle-in-cell simulation [22]
show that in the first discharge the ion thermal flux should drop by a factor 6 on account of a
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Fig. 5 The effective heat conductivities of (a) discharge 68803 (see Fig. 3b) and (b)
discharge 76158 (see Fig. 3c).

reduction of lon Temperature GradiefiT G)-Driven turbulenceduring the evolving density and
temperature profiles. These simulations indicate that about of the improvementis a resultof
the increaseof the neon concentrationthe restis to be accountedby the profile changes.ITG-
mode suppressiois thereforea candidatefor the confinementimprovementfrom L to RI-M. It
can not be ruled out that the presenceof a minimal amount of the NBI-Co injection serves,
through shearedtoroidal velocity, the additional purpose of enhancingthe EXB shear[23],
capableof further quenching ITG-modes. The RI-M state can however be achievedwithout
significant EXB shearasit can be sustainedwith balancedinjection [24] and as appearsto be
suggested by the identity in the scaling of LOC and RI-M plasmas. Note furthermoi€@hailas
assumed to be suppressed in 10C without rotation [13].

5. IMPORTANT ISSUES FOR RI-MODE
5.1. Impurities

As indicated, a confinement as good as Elmy H-mode requirgs/ag, >0.75, a radiation
fraction y > 0.45-0.50, achievablethrough very moderate seeding. If however optimal RI-M
confinement (fy93>1) is to be combined with more substantialheat exhaust(say y > 0.8), the
guestion automatically arises whether this can be achieved with central impurity levels and
concomitantBremsstrahlungossesPgen, that would be compatible with the rather low central
power density of a burning plasmg.P

In the dischargeof Fig. 3b, y grows from 0.35 to 0.85. Charge exchangerecombination
spectroscopy measurements [25] show the central carbon concentration to dizorea3®14 to
0.010 and the central neon one to rise frono @®.009. The central oxygen concentrationfound
by assuming that the ratio of the oxygen to carbon densities equals thefrtimfluxes of these
elements measured at the ALT-limiter, drops from 0.G00.005. Theseconcentrationcombine
to give a central deuterium concentrationfpt which changesfrom 0.86 to 0.81. This almost
constantdilution can be understoodby a partial replacementof the intrinsic impurities by the
seeded one, as witnessed by the observed decreases of the fluxes of these ai¢hedirtster. It
is also consistentwith the measuredoehaviourof the neutronyield in this and other discharges
[26]. The central effective chargeZ increaseshowever,asa result of the replacemenbof low Z
by higher Z elements, from 1.8 to 2.5, values which are confirmed by resistivity measurements.

While suchan increasein Zs raisesthe central Py, One should note that the important
reactorquantity is Pgrem/Pa 0 Zew /(f31 TL®). An increasedZqs and dilution is compensatedy
the concomitantRI-M confinementimprovementwhich allowsto achieveat the samedensity a
strongly increasedT.. It remainsimportantto note howeverthat the low central dilution is the
result of thedevelopmentof a hollow distribution of the impurity concentrationover the plasma
radius [27]. Simulationdy RITM can only reproducethis featureby discardingany anomalous
inward impurity pinch (which, as argued beforegssentiafor the main ions) and retaining only
aneo-classicabneexhibiting temperaturescreeningn the Pfirsch-Schllterregimein theouter
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Fig. 6 Temporal evolution of plasma energy Eg, and line density ng, for different gas
valve programming (Ip =0.29 MA, TEXTOR shots (1) 75994, (2) 76028, (3) 75995).

half of the plasma. The confirmation of this property on other, larger devices constitigesiae
step for the heat exhaust prospects of a possible RI-M reactor.

5.2. Beta-limit and Greenwald limit

L-mode and RI-M dischargesavethe samebeta-limit. For high and medium currents,the
plasma beta is limited at a normalised torofiak 2. Attempts to go over this limit result in back-
transitions (suddenloss of confinement) triggered by MHD activity, mainly around the g =
1.5 surfaceand which growsup within a few ms before the back-transition.At very low current,
the poloidal beta seems to be limitirg, & 1.5 to 1.6).

Studying the density limit in the RI-mode is of paramountimportance becauseof the
confinement scaling with density. Experimentally it is found that in RI-M dischargesthe
Greenwalddensity (Ng, = 1) is a rather stringent constraint:Ng, up to 1.05 can be stationary
maintained; transiently & = 1.20 is possible but a minor major disruption follows. Note also
that these assertions pertain to discharges in which the extgrsfied is either strongly reduced
or totally absent. With gas puffing,dN= 1 can be more readily overcome, buthat expenseof a
strongly degradedconfinement.Theseresultsare illustratedin Figure 6, where three discharges
with Ng, =1 are compared.The heatingpoweris 1.75 MW in all casesand the common initial
density is 3.0 1¥ m3 (Ng, = 0.66). Att = 1 s, the gasvalve opensin responsehe valve voltage
Vg, itself feedback controlled to reach a preset total nurobgrarticlesin the discharge,and the
density risesaccordingly. At t = 1.3 s, neonis injectedto setup RI-M conditions. Dischargesl
setsthe stationaryreference:Ng, = 0.9, fg93 = 0.95, vg= 0 from 1.8 s on. Discharge?2 risesto
Ngr = 1.05, fi93 = 1.13 after theclosureof the valve. P?easenote the strongly reducedenergy as
long asthe valve is open and the disruptiveend of the discharge.Discharge3 hasthe gas valve
open all thetime, allowing the densityto riseto Ng, = 1.17 but with fHg3 dropping to 0.67 and
with very flattened density profiles (not shown).

6. CONCLUSIONS

The RI-Mode in TEXTOR-94 has been shownatzey the sameconfinementscalingasthe
Linear Ohmic Confinementregime,which allowsto identify it as one of the most fundamental
tokamak modes,the LOC - 10C - RI-M regime. With the IOC-mode,the RI-M hasnot only its
scaling in common, but also many recipes that are essential fattatament.A crucial ingredient
turns out to be the creationof appropriatewall conditions assuringreducedrecycling combined
with high fuelling efficiency from the walls, made possible by adequatewall preparation
techniquesstudied over many yearson TEXTOR. This turns out to be especially useful for
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achieving high density operation without passing at tamg through L-mode conditions,suchas
is the case with fresh siliconisation.

Becauseof its density dependentscaling, the full confinementquality is attainedat high
density,closeto or above the Greenwalddensity, where most H-mode plasmasshow degraded
confinement.To fully realisethis potential reactoradvantageof the RI-M it becomesof utmost
importance to establish the size dependence of the Rtdfinglaw and to confirm the favorable
radial impurity distribution on larger devices. Itagually importantto try to extendthe optimal
RI-M confinement beyond the hitherto achieved and already high densities.
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