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Abstract. The TCV tokamak (R=0.88 m, a < 0.24 m, B < 1.BAprogram is based oreflible plasma shaping

and heating for studies of caméiment, transport, control andwer exhaust. Recent adwces in fully-sustained
off-axis electron gclotron (EC) current dvie (CD) scenarios la alloved the creation of plasmas with high
bootstrap fraction, steady-stateveesed central shear and an electron internal transport biligarelongtion
plasmask = 2.5, are produced atwonormalized current usin@if of-axis EC heating (ECH) and ECCD to
broaden the current prt&i Third harmonic heating is used to heat the plasma center where the second harmonic
is in cut-of. Both second and third harmonic heating are used to heat H-mode plasmas, at the edge and cente
respectiely. The ELM frequeng is decreased by the additionalwsy kut in separatex@eriments can be con-
trolled by locking to anxdernal perturbation current in the internal coilST@V. Spatially resoled current pro-

files are measured at the inner and outegrthr tagets by Langmuir probe arrays during ELM#$ie strong,
reasonably balanced currents are thought tilvéenoelectric in origin.

1. Introduction

Stable plasmas in which all of the currerasamdrven by electron ylotron current drie
(ECCD) were fist obtained inTCV (Tokamak a CondjurationVariable) in 19991]. Subse-
guently 2.0s plasmas of up to 210kA were fully sustained using the complete installation of
six, 82.7GHz, 0.5MW, 2.0s gyrotrons coupling to the second harmonic X-mode (X2) [2]. In
an etension of earlier results [3, 4], tapairs of gyrotrons operated in succession produced
stable, 100kA, 4s dischges.

It was shavn that when ECCD ®s concentrated at the plasma certher plasma pressure and
current profies which resulted were unstable to ideal MHD motdlee.modes appeared as the
current profie relaed to the ne shape determined by the ECCD souwben the paer was
increased using additional gyrotrons, id@svnecessary to broaden the deposition lpradi
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ensure stabilityThis deposition broadening resulted in wéo overall eficiengy as more of
the paver was deposited in geons of laver temperature, higher trapping and therefonesto
efficieng [1, 2].

All of the ECCD aperiments bendfito a certain xtent from relatrely low density (at the
absorption location) due to the associated increase in curreet eficieng/; as long as
absorption is still completed on one side of the cold resonanceaarehdugh from the

trapped-passing boundaiyhe cut-of density for X2 is just wer 4-1@9[m'3]. Thus, for the
purposes of this papethe operational space ®CV can be crudely dided into rgions of

low and high density; referring to the accessibility of the X2 heating system to the plasma cen-
ter. There is a smooth transition from one to the gthewever, since X2 can be used at the
plasma edge where the density remaimsdaough to alle access to the resonance.

The recent completion of the third harmonic X-mode heating system (X3), consisting of three,
118GHz, 0.5MW2.0s gyrotrons, has alled operation with centrally deposited ECH in the
higher density rgime for the fist time onTCV. Ohmic ELMing H mode studies arewo
extended to additionally heated disafpas. In this papesections 2-5 deal with thewer den-

sity regime and 6-7 with the higher densitgime (both Ohmic and additionally heated plas-
mas).

2. Scenarios Extemally Sustained by Off-axis ECCD

Fully sustained ECCD dren plasmas are created by injecting co-ECCD into the curatnt fl
top of an established Ohmic plasmA#ter 20ms, the transformer coil currety,, is feedback

controlled at a constant current thereby precludingcterreal source for the indueé electric

field in the plasmal’he current in the shaping coils are constant in all cases of interest. Under
these conditions, the total ECCD w#m current is easily measureallBwing the method
described in Ref. 4, the deed ECCD currenlkcp is found by subtracting the bootstrap-cur

rentlgsfromthe total plasma curreri,

The fully sustained ECCD den results hae nav been gtended to plasmas which are fully
sustained only byff-axis co-ECCD.The non-inductie current profes are broadened by
radial difusion of the st particles so that some central current is still preséet.of-axis
deposition creates enough bootstrap current to produce a lg-pvith reversed shear in the
center With the addition of countdeCCD in the centeisteep, wide, electron internal trans-
port barriers (elTBs) are created with a subsequent increase in the bootstrap fraction to >509
[5]. The current prole is only determined by the gyrotron beam aiming, whichndefthe
current drive and bootstrap current dei which is itself determined by the pressure fofi
resulting from the deposition pridiand the shear dependent transjWe.have obtained sta-
ble dischages lasting longer than 569and 10 current difision times which ha positve
additional-paver scaling for the central coueCCD. In general,TCV plasmas follw
Relut-Lallia-Watkins (RIW) scaling [6, 7] and we report comément impraements relate

to this \alue Hy \ [8, 9]. For these ITBs, H,\ = 4 which is ~ 1.6 times ITER L-mode scal-
ing. The following three subsections deal with the three important features of this scéhario:
radial difusion of st particles and the ECCD current gegf2) the bootstrap current, total
current and resulting safetgidtor profies, and3) the impraed confnement of the elTB.
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2.1. Current-Carrying Fast-Electron Diffusion
2.1.1. Direct Evidence of last-Electron Diffusion

An enegy-resolhed, multi-chord, Hard X-ray pinhole camera

[10], on loan from CEA-Cadarache, is installed on the bot-

|- tom of TCV. The 14 vieving chords passertically through

| liiig the outer half of the plasma (FIG. The measured photon

' temperature is nearly constant across the poloidal section,
whereas theAbel-inverted emissity peaks in the center

FIG. 1.Typi§:mébeam ain (FIG. 2).Thus,_dire_ct eidence [11] for radial difision of

ing for of-axis ECCD (ed, geer fast electrons is pwided by the hard X-ray camera as the

lines), Thomson scattering me beams do not pass through the plasma center and therefore

surement points &d *) and Had cannot directly generate thast population at that location.

X-ray camea dhords (cyan lines Measurements from the higteliil side, 24-channel, electron

cyclotron emission (ECE) radiometasperating in the 78-

114 GHz range, are also senatto the &st electron population and, in conjunction with the

hard X-ray results, are consistent with a suprathermal electron density of up to 25% of the

total electron density [12]; degd using a bi-maxwellian temperature model.

2.1.2. Calculating the drven current

The magnitude of the den current determined by linear calculations (E@QRAY-GA [13]

or CQL3D [14] at artittially low power) is generally one to three times smaller than the mea-
sured (see belg driven current. Prgous calculations of the current diusing thef ORAY-

GA ray-tracing code coupled to the quasi-lineakker-Planck code CQL3D,werestimated

the drven current by an order of magnitude.

Diffusion and density conserving a¥ion of the current-carryin@$t electrons in pisical
space has been included in CQL3D with th&udibn coeficient as a free parameter [15], con-
strained by thexperimental ECCD current, discussed \aoSeeral models for the depen-

dence of the difision on elocity hare been studied ov* with a =-1,0,1 [16].The details
of the resulting electronelocity distritution function

are diferent in each case. Mever, the particles whict 1
carry the lagest part of the current generallyvhaa —~ TCV shot 21657
velocity ~ 5-6yhermal@nd for these particles, the fdif 3 8
sion coeficients are within aaictor of three of each othe .§0'6
for all of the models — typically 3-53s [5]. Hard X-ray :g
measurements place awmer bound of 1.8n%s on D © 04
[11]. B
o 0.2
The most important consequence ofutifon is that the ~ [#0720 4V, 0.6571.07 s average

ECCD current profes jop are typically fattened (or 0 0.5 1
slightly hollow) towards the axis in contrast to thensy P

deposition which is peakl of-axis. The total dwen FIG.2.Time-aveaged,Abelirverted
current is then, by choice of the free parametensis- hard X-ray emission mfile during

tent with the measured plasma current after accour 1 MW of of-axis co-ECCD; showin
for the bootstrap current. central emission at photon ergges

>40keV (T bulk ~ 2.7leV).
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2.2. Importance of the Bootstrap Curent

18}« a)
- The electron temperature and density are measured by
16 o Thomson scattering at 25 points alongeatical chord in
- o theTCV vessel (FIG1) every 50ms, for these disclygs.
14 o0 The bootstrap current is calculated fromThandn, pro-
° files assuming steady state conditions e justifca-
12 tion for this assumption is the obsation that the
01 02 ;03 04 05 reconstructed equilibrium parameters (e.g. internal induc-
4 deposition b) tancel, and elongtion k) no longer eolve in time after a
few 100ms.
3.5 *
23 .}l | During the frst fev 100ms of the ECCD, the per depo-
= sition is only of-axis, the density and temperature pro-
25 1 files tend to bedit in the plasma centaand the bootstrap
2 ! ! % 1 current profie jgg is pealkd of-axis — amounting to ~20-
15 $ % 25% of the total currenfThe combination of thedttened
01 02 pd?monw 05 jcp and jggleads to a holl total current profe jror

The calculated current prtdiand measured pressure pro-
file is then input to the CHEASE equilibrium code to cal-
culate the steady-state g-plefi

FIG. 3. a) Internal inductanc
deceases and b) g,y increases a:

the co-ECCD deposition is med

further of axis. Red points arbefoe . . ,
the addition of centl counter |f the ECCD deposition is nved further dfaxis, the

ECCD; blue points, after steady-state internal inductance is reduced (FIG. 3a) and
the pressure pré&i broadened. d&f deposition
p=,Vy/V,=03 , whereVy is the wlume inside a
given flux surbice and/, the plasma®ume, the plasma 12
begin to shav evidence of impreed confnement (kv 1
~ 3.5) when paer from an additional gyrotron is latt 5 08 Gl
added near the center (FIG. 3Bs the jop profies are < ¢

not pealkd of-axis, this result shes that it is the boot
strap current that plays theykrole in the ITB formation.

a)

- Jtot

2.3. Steady State Electn Internal Transport Barrier

b)
It has been shen [17, 18] that there is a gradu 15| shot 21655 ~28,q, ~ 42
improvement in the H,, for these plasmas as sm

amounts of countedECCD are added near the center qio
order to increase the safetgcfor on axis. Excess
countefECCD leads to a disruptioruty by adjusting the 5
central launch angle, the plasma can be maintainec

belov the MHD stability limit. Figures 4a,b shothe %0z 04 08 08 1
icps Is and jror profies before (dashed cws) and P

after (solid cures) addition of countéECCD in the cen-FIG- 4- a) CQL3D calculatecp, jgs
ter and the resulting g-prii (after). The bootstrap curand jror befoe (dashed) and afte
rent fraction is ~50% in this steady state disghaasting (solid) additional centl counter

~200rge With ~ 1.6 times ITER L-mode scalingt ECCD. b) The g-pofile calculated by
LIUQE (blue) and CHEASE€d).
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present, electron-ion coupling iswoand TJT; ~ 20
[19,18].When the density is increased for this scenario, the
current drve eficieng/ decreasesub the bootstrap current,
and especially the bootstrap fraction, increases [5].

Averaged profiles [1.2s,1.9s]

T, [keV]

3. The Improved Core Electron Confinement (ICEC)
regime

o [ N w S o =) ~

A In inductve dischages, stable ggmes of improed core
::é(é.cs(ézae??esit;lr:d?/:/(i)tfgepclar\]/vcte?)e enegy confnement were achied (Hruw = Te AT Ruw)
the fully sustained, bxis ECCL ~3.5) Wlth and without seteeth [8, 9] by a combination of
with cental counter ECCD (ed). off-axis ECH follaved by central counter ECCD. PRE-

TOR-ST al-1/2D transport code including awsaoth
crash model [20, 21], accurately simulates the measured electron temperatla® iprofese
dischages and indicates that the central sheavisrsed [9].The code successfully predicted
that a 10% displacement of the central couB8CD would lead to a loss of theversed
shear and high com@ément rgime [3, 4]. This regime has narmwer good confiement
regions due to the natural peaking of the pesfrcaused by the residual electreddi Figure 5
shavs a comparison between the ICEQinee and the dfaxis driven ITBs described in sec-
tion 2, abwee. In the ITB case, the temperature peofs wider and the foot of the barrier
(where the temperaturedpas to deiate after the addition of the central cousl®2CD) is at
largerp [18]. This results in a lger plasma ®@lume in which the confement is impreed as
well as the lager bootstrap fractions discussed a@\Ithough most recent ark has been
carried out on the 6Bxis ITBs, a comparison of the dwegimes should alle subtleties of
non-maxwellian, hot condugity induced enhancement of the currenvereficieng [22] to
be addressed [4]. In addition, the ICE@inee yields bettetg as |, and r are lager

4. Understanding the Contol of The Sawtooth Instability

In savtooth control gperiments, 1.3MW of EC peer deposited outside the q=1 produces
sawtooth stabilizationTo find the optimum location for stabilization, 3 gyrotron beams are
swept across the gmn of the q=1 sudce and the maximumwtooth period is foundThis
technique is used to align each of the 6 independent EC launchersereadiach other to
within £3mm i.e. ~1% of the minor radius [2Bje addition of 0.45MW of EC peer depos-

ited at an optimum location just inside q=1 then destabilizes tieeth [21].This demon-
strates that ECH may be able to destabilize the long-peristéeth predicted inurning
plasmas.

The savtooth period and optimum locations for stabilization and destabilization are simulated
successfully [21,24] with PREIR-ST In experiments, current dre is alvays accompanied

by heatingThe efects of heating and current i can be separated in the simulations which

is especially useful for understanding coE&CD where competingfekts are at play [21].

The methodology used tofl both the maximum or minimum invg@oth period is the same

in the code and in thperiments: the beams are swept in ordemid ihe optimum location.

The savtooth model is successful in shiog that the optimum for stabilization is clearly out-
side the g=1 suakce, in agreement with th&periments, and that the minimum is inside (for
the conditions of thexperiment see Ref. 21Jhe accurag of the simulation appears quite
high; the diference between the simulated and measugtbeth period maximum is 3% in
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p. Nevertheless, this dérence is signifiant gven the ~1% precision in launcher alignment.
The accurag of the results depends directly on the propemikedge of the geometry of the
launchers, plasma position and on the ray-tradihg. estimated accunain the geometry is

of the same order as the simulatioflse consequence is that it is not yet possibleredict

the fixed launching angles of the beams thaula be necessary to ensure optimum stabiliza-
tion of the sateeth: sweeps are a necessiiy the other hand, the optimum for destabiliza-
tion is signifcantly broader ip and may not be as @ifult to predict.

An alternatve methodology (similar to [4]) could be applied by assuming that the modeling
has the highest accusathen, re-calibrating the launching geometry accordirgiyould still
be necessary to determine whether the launchers or the magnetic reconstruction are in error

5. The Link between Classical and Neoclassicakaring Modes [25]

The theoretical dependencefdfon island width has been canfied in &periments in which
strong central ECCD modéd the Ohmic current prégis of lav density dischaes, leading to

a tearing mode with tavdistinct grevth phasesThe tearing mode appears on a curreritidif
sion time scale and is ®dn unstable by the current piefiAfter groving to a suicient
width, it exceeds the critical island width for rapid gith of the neoclassical tearing mode.
When the ECCD is switchedfdhe island width decreasegsfion a confiement and then a
resistve diffusion time scaleThese results unify the theory of classical and neoclassical tear
ing modes and therefore, the island widtbletion is well modeled using the moeidi Ruth-
erford equation.

6. Type-lll ELMy H-modes on TCV

With additional heating oiCV, it has been shen that the ELM frequencdecreases with
increasing pwer. This is typically taken as one of the characteristideliences between type-
[Il and type-lI ELMs [e.g. 26]Therefore the ELMs discussed bglare referred to as type-lll
ELMs.

The transition from L-mode to ELM-free or type-Ill ELMy Ohmic H-mode has been studied
statistically using the ‘mobile centers method’. Ranges of plasma current, delosigition,
triangularity and plasma-all distance hee been determined in which it is possible to pass
reliably into the ELMy H-mode. Once the ELMy H-mode is entered through thievay’,

the plasma parameters can laeied within a signifiantly wider range while maintaining the
ELMs. [27]

Unstable periodic orbits (UPO) in the ELM time seriesehbeen obseed shaving that a

deterministic, chaotic process \g@ons the apparently random distiiion of the delay
between ELMs o CV [28]. These results imply that yawalid theoretical model for type-Ili
ELMs must account for thexistence of UPOs. Statistical analysis of ELM andteath peri-

ods indicates frequent synchronization of the ELM to half, equal, double or triplerto®ta
frequeng, depending on the eloatjon [29].

6.1. Divertor Target Currents During Type-Ill ELMs
Arrays of single Langmuir probes embedded in central column aaddtaphite protection

tiles and biased at zermhage proide high spatial and temporal resolution of currents that
flow to the inner and outer\dirtor tagets during ELMing phases of single nulvier (SNL)
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Ohmic H-modes. Manof these dischges are a)

characterized by long phases gfremely rgu- 1 1 Dq

lar Type Ill ELMs, permitting a coherentlwar- 0.5

aged ELM current to be generated at each pi 0 ‘ | : : b

using the peak of the signal of ertical viaving _0 2 | )
) . liinner J-[Alcm?]

Dq chord at each ELM to defe the zero time  —2igrike pt. H 1

reference. Careful choice of theveaaging -3 : : : : ]

period (~ 4ms for a 200Hz ELM frequsfc 2{Outer | J{Alcm? | ©)

around each ELM ensures that each is ul 1/Strike pt. /- ,

fected by the preceding or folling event.

StandardTCV operation uses posig plasma '%-4 -02 0 02 04 06

! . N time [ms
current and toroidaldid, with the latter defing FIG. 6. Coheently avéaggd ELMs for B, (a)
the ionB drift direction avay from the X-point usea a's theaference timing @ce and perpel
for SNL equilibria. The coher_ent _ ELMs ir dicular target curent near the stri& point a
FIG.s6a-c shw that near the strékpoints, lage ha inner (b) and outer (c) tgets.
negative and positie currents @iw to the inner

and outer tagets respeotely, with the currents reaching peaflwes at the peak of the,D

regycling signal intensityThese currents are comparable in magnitude to the ion saturation
current - the maximum current that camwflto the grounded tiles.

Figure 7 shws a selection of perpendiculardgat current profes mapped to the outside mid-

plane of the equilibrium and plotted as a function of distance from the separatrix for a selec-
tion of time interals before, during and after the coherent ELM. Reasonable current balance
is obtained during the ELM itself across most nf
the profie. The persistent, localized and unkt 1!
anced ngative current feature appearingry D 05
close to the stri& point at the inner tget before '
and after the ELM is of thexpected sign for .
parallel current duen by the décts of thellB
drift and the up-den asymmetry of plasm
pressure. During the ELM, the broad para
current profie is belized to be thermoelectric | -2

0302010 0102023

A t=-0.30 ms|

origin. In L-mode, at the relatly low plasma _ 1| ‘ | | | ]
densities common to the H-mode ELMing ph & 01 f———— ]
studied here, the uaforableB drift direction i 5 B t=-0.05ms
leads to strong in/out asymmetries in theedi L' 2| | ‘ ‘ | 1
tor plasma parameters, with the innegédrgen- 0

erally hotter than the outeThough &st Tg -2 Ct=0.00ms |
measurements cannot be made during the | 0! ‘ ‘

event itself, if the hot electronsgelled by the -1t ]
ELM were to accentuate the in/ol asymme- :%' Dt=0.30ms |
try, an electron thermocurrent owld be _5 0 5 10 15 20

expected to iw from the colder outer tget to Midplane separatrix distance [mm]

the hqtter inner t@Et'.The e(pe_rime_ntal_cu-r FIG. 7. Pofiles of perpendicular taet cur
r_ents In FIG'S. 6,7 do mdee_cb\ﬂ In thls direc- rents mapped to the outside gnatic midplan:
tion. Integr'atlng the profes. radially anc 5¢ various times during the cotest ELM
toroidally yields total perpendicular t@t CUF (marlked asA-D on the cohemt D, trace al
rents ~2-3 kA — of the order of 0.7% Of t,,) stong and easonably balanced cuemts
plasma current. flow at all locations during the ELM.
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FIG. 8. a) Rerturbation ceating vertical motion FIG. 9. Triggering of the ELM (lower fices
(=£3mm) to the feedbéccontolled vertical sta- by the upwad vertical motion (upper fces
bility coil current k. b) Frequency tcking of the  for two shots with opposite polarity of 1
ELMs (blue dots) to the drivesiqjuency @d line). driving perturbation.

6.2. ELM Frequency Contolled by Vertical Plasma Motion

The ELM frequeng has beenxperimentally lockd to a modulation of theast coil current
inside theTCV vessel which was swept in frequend30]. A 2 ms, single-gcle, square-ave
voltage perturbation is used towdria current in the internahgt coils.The resulting current
pulse is roughly triangular and is added to tlgular feedback control loop used to stabilize
the \ertical positionThe additional perturbation inducesexrtical motion of the plasma up to
+2-3nm. The pulses are repeated at a swept frequelose to the natural ELM frequenof
approximately 200H2Vhen the amplitude is small, the phasing between the perturbation and
the ELMs scrolls continuously as the frequerscswept from 143z to 333Hz over 0.6 sec-
onds. Increasing the amplitude of the perturbation causes the ELM frgdadrack the fre-
quengy of the \ertical perturbations. Figure 8 sh® that the ELM frequeryccan be both
reduced grmore importantlyincreased. It is also obser that during tracking, ELMs are
triggered on the upard \ertical motion independent of the polarity of theltage pulses
which are used to cause the perturbafidrat is, if the phase of the singlgcte square ave

is shifted by 180°, the ELMs still occur when the plasma isingoupwards (FIG. 9).The
asymmetry in the poloidaldid for lowver single-null drerted plasmas is such that an apav
vertical motion corresponds to an induced current at the edge in the same direction as th
plasma current.

6.3. ELM Frequency Modification with Additional Heating

6.3.1. Edge Heating with X2

ELMing Ohmic H-mode plasmas with central density gf 7 1.5+1¢°m > have been heated

using X2.The density cutdfof the X2 is reached near the edge of the plagm@.9) and the
refraction is ery strong.The heat is localized at the plasma edge and amounts to only ~40%
of the beam pwer — the rest being absorbed or lost after multiplecéfins from the inner

wall of the \acuum chambefhe X2 paver pulses were, thereforegt shortThe ELM fre-
gqueny decrease from 200 +40 Hz without ECH, to 140+40Hz with 0.45 MW of injected
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power. Because of the Ige refraction this sce 10
nario is technically undesirable.

- r,lll‘

6.3.2. Central Heating with X3 [31]

A 3-gyrotron, 1.5MW118GHz, 2.0s third ha
monic electron yclotron resonance heatit
system (X3) has been installed, commissio
and brought into operation ArCV [32]. It has

Dysignal [au.]

been used to heat plasmas at densities t 04 06 08 1 12 14 16

Time (sec.)
FIG. 10. The ELM fequency of the Psignal
(blue) is seen to deease when the X3 pow
(red) is well absorbed during a mar sweep.
The inset shows the cealtray of the beam a
different times during the mior sweep.

10°%m3, far exceeding the cut—bfdensity of
the X2 systemThe X3 system therefore si
nificantly etends the operational parame
space ofTCV and allevs additionally heate
H-mode plasmas to be studied [33].

The X3 paver is launched int@CV from the top and tas adantage of the longer path
length along the resonance, especially at kiglbh compensate for thevooptical depth at the
third harmonic frequeryc In fact, in the presence of the non-maxwellian electron disioib
functions generated by X2 ECCD, it has beennshthat 100% absorption can be obtained
even when launching from the LFS [34]he disadantage of launching from the top is that
the absorption isery sensitre to the injection angle and refraction. Feedback will be required
to maintain the optimum heating angle. On the other hand, the launching mirror césebe of
in major radius to all incidence on the resonance from either the highvefikld side This
feature should alle selectve absorption on dérent enagy regions in the electron distub

tion function.

ELMy H-mode plasmas with central density @f# 0.7°16°m™ have been heated using up

to 0.85MW (2 gyrotrons) of X3 peer. Figure 10 shes the [ time trace and the absorption

of power from one X3 gyrotron, calculated by th®RAY-GA ray-tracing code, during a
sweep of the launching mirtofhe ELM frequeng is seen to decrease as morev@ois
absorbed and then increasaiagas the absorption drops due to non-optimum aimitdhe
optimum angle, the absorption reaches 7@When 0.85MW is injected at the optimum
launcher angle, the ELM frequendecreases, an ELM free period ensues, a more global
instability occurs which reaches the plasma center and the plasma returns to L-mode befor:
terminating in a disruptionthis can be prented using the natural tendgraf the ELM fre-
gueng to increase with decreasing density to counteract the fregaecscease with increas-

ing powner. A pre-programmed density decrease maintains the ELMy H-mode throughout the
ECH pulse.

7. Extended HighK Scenarios with ECH/ECCD

Advances hee been made using both the X2 and X3 currenedheating systems in highly
shaped dischges.The aim of thesexperiments is toxplore the rgion of 3, Iy parameter

spacqly = l«a/B where | is the plasma current, a is the minor radius and B is the toreldial fi

in which the so-called beta limit and current limits meet at high atoog[35]. By increasing
the elongtion, the current can be increased gpohtreasesThe so-called current limit (=2)

is modified with elongtion in such a ay that it is necessary to reduce the current to obtain the
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highest possible betd/ith Ohmic heating only
. the current limit has been reached [36] at tp
LIUQE] and highk, but it is not possible to reach the
PRETOR highest-limit without additional heating. In
high elongtion dischages, the theoreticds-

>,

—

.
Y

0.1 limit reaches a maximum at \ + 2MA/mT.
0 : Thus, high elongtion operation is required at
J lower plasma currentslThis renders the high
_01 | elongation plasma more ertically unstable.

0.2 04 06 08 1  Cyrrent broadening withaf of-axis X2 ECH/

Paep ECCD imprawes the stability at highk and

FIG. 11. Measued (blue) and calculatedd) lower normalized currengl
change in the internal inductance due to E(

induced pofile broadening The inset shows tw 7 1. Far Off-axis X2 heating and current
time slices of a typical shot witk increasing qyjye

due to far dfaxis ECH (colos ar aribitrary).

Plasma operation withl~ 2MA/mT imposes technical limits on X2 accessibilityli@V due

to high density and subsequent strong refraction of the beams; especially those launched ne:
the plasma equator (2 beams) [37]. On the other hand fificeet elongtion of the plasma

by current profe broadening withdroff axis X2, it is desirable to increase the density
thereby maintaining high X2 absorptiomea when depositing nearer the plasma eidpe.
equatorial beams are then not usable due to refraction.

At present, highly eloraged plasmas(~ 2.5) with a high safetyattor (¢gge~ 12) and laver
current ( ~390KA, Iy = I/aB =1.03MA/mT) have been created using 1.35MW eaf bf-

axis ECH [38] from 3 upper lateral launcheFhe most dfcient X2 heating location for cur
rent profle broadening has been determined [38] asvalio FIG. 11

The magnitude of the change in internal inductamﬁeachie/ed when &r of-axis X2 heating
is added to an Ohmic plasma (retatto the change inthat would be &pected for the equi
alentk without heating) is plotted as a function of the deposition locatigs, (blue cure:

LIUQE). Positve Ali* indicates an increase mwith additional heating and gative Ali*, a

decreaseThe plasma current isept constant by feedback control and the shapeéidsfiare
also constant: the change in elatign is a result of the ECH generated peofiroadening.
The PREDR transport code and DRNfree-boundary eolution code calculations [39] (using
the ECH heating prdés determined by ORAY-GA as additional input) sk good agree-
ment with the gperiments. Both cues roll aver when deposition is to@if of axis. This is
thought to be due to the increasingly poor cmrhent at lage p. Adding either co- or
counterECCD helps increase thdiefeng of elongation [38].The symmetry of this situation
is under inestigation lut may be due to strong trappindeets (accentuated at ¢grp). The
operational space can be increasesdatds highef3 by combining &r off-axis X2 heating
with central X3 heating.

7.2. Central Heating with X3
As in H-mode plasmas, the X3 system is essential for central heating of high density plasmas

The highk increases the absorption depth yielding reasonabtgfss absorptioithe depo-
sition profie is neertheless broadvhen central X3 is added to the plasmas edbed) by &r
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off-axis X2 the current prdé peaks as the central conduityi increases. By introducing an
ECCD component to the X2 beams, suprathermal electrons are created which enhance th
absorption of X3 [40] in a ay similar to the earlier LFS X3Xperiments [21]As in the case

of fully ECCD plasmas, the dé@rence betweeihomson scattering temperatures and ECE
temperatures, as well as the localization of the emission during X3 modulation, indicates
direct absorption of the X3 on the suprathermal population [40]. Up to 100% X3 absorption
has been measured during top-launched, modulated X3 E@#iments using the diamag-
netic loop to measure the accomyag modulation of the stored plasma ajyeas in [21].

Before further adancing tavards thef3-limit, it is necessary to optimize the X3 heating sce-
nario to &oid current peakingTo this end feed forard elon@tion control is used to help
maintain the broadened piefiwhen X3 is added [40].

8. Outlook

The deelopment of fully sustained, steady state, elTB operation at high bootstrap fraction
opens the ay to full sustainment of the current using 100% bootstrap fractieestigation

and control of ELMing H mode plasmas with electron heating canb®opersued using the
1.5MW X3 heating systenT.he flexible, dual frequeng heating system ofCV can selec-
tively excite different portions of the electrorelocity distritution providing an ideal testbed

for the study of ECCD plsics, st particle diusion, thermal transport modelling and MHD
instability control.
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