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Important ingredients of the advanced-tokamak route to fusion have been explored in depth in the
Tokamak a Configuration Variablg=. Hofmann, J. B. Lister, M. Antoret al, Plasma Phys.
Controlled Fusion36, B277(1994] over the past two years. Using a uniquely powerful and flexible
electron-cyclotron resonance heati(CRH) system as the primary actuator, fully noninductive,
steady-state electron internal transport barrier discharges have been generated with an
electron-energy confinement time up to five times longer thdnnmode, poloidal3 up to 2.4, and
bootstrap fraction up to 75%. Interpretative transport modeling confirms that the safety factor profile
is nonmonotonic in these discharges. The formation of the barrier is a discrete event resulting in
rapid and localized confinement improvement consistent with the time and location of
magnetic-shear reversal. In steady state, however, the confinement quality appears to depend on the
current gradient in a broader negative-shear region enclosed by the barrier, improving with
increasing shear: in particular, the width and depth of the barrier can be controlled and finely tuned,
along a magnetohydrodynamic-stable path, by manipulating the current profile with ESIRH
independently steerable 0.45 MW launcheféhe crucial role of the current profile has been clearly
demonstrated by applying small Ohmic current perturbations which dramatically alter the properties
of the barrier, enhancing or reducing the confinement with negative and positive current,
respectively, with negligible Ohmic heating. These results are in agreement with theoretical
estimates: first-principle-based numerical simulations of microinstability dynamics and
turbulence-driven transport predict a substantial suppression of turbulence and anomalous energy
diffusivity near the location of the minimum in the safety factor.2005 American Institute of
Physics[DOI: 10.1063/1.1896953

I. INTRODUCTION (H modé) or in its core[internal transport barriers or ITBs
. . _ (Ref. 2], and double barriers have also been observed in

The ideal path towards a commercially viable nuclear-several cases. In the highest performance instances of such
fusion reactor involves the simultaneous optimization of sevscenarios in tokamaks, the energy confinement of the ion
eral physical properties of the reacting fuel. Within the realcomponent has approached the collisional Coulomb f&vel,
constraints of scientific experimentation, different avenuesnown in this context as neoclassical confinement.
are being explored in parallel by the fusion community, plac-  An additional desirable property of a fusion power plant
ing special emphasis on one or the other of those propertiegould be its ability to run continuously, rather than in a
Foremost among these properties is the confinement of thgjsed fashion, as is the case with all existing tokamak ex-
plasma, i.e., its ability to retain the physical quantities thalyeriments. This would require the abandonment of the trans-
are provided externally to maximize its reactivity, SUCh aSgomer principle for generating the necessary toroidal electric
energy and particle content. The improvement of energy Corg,rrent, which instead would be supplied by noninductive

finement in dmagnetu:f—conflne;mlznt devices, in pa(;tlcur:ar, {?'means, such as externally launched electromagnetic \waves
quires a reduction of cross-field transport towards the Ultl, ihe internal neoclassical bootstrap current driven by the
mate limit determined by Coulomb collisions. In the past two

: . _plasma pressure gradient.
decades, considerable progress has been made along this gv P ¢

. . " Key ingredients in the generation of transport barriers
enue, mostly through the establishment of plasma d|scharg§ y ng 9 b

L . . . re the details of the current-density and flow-velocity pro-
conditions leading to the appearance of localized regions . . L .
iles, which have a complex relationship with a variety of

highly reduced energy diffusivity, effectively acting @ans- externally controlled quantities such as the plasma density

port barriers This can occur either at the edge of the plasmaand shape, the toroidal magnetic field, and the net input heat-

ing power. The pursuit of conditions leading to enhanced

a)Paper RI1 6, Bull.Am.Phys.Sod9, 326 (2004).

Yinvited speaker. Electronic mail: stefano.coda@epfl.ch performance compatible with steady-state operation, particu-
“See the Appendix. larly, with a large bootstrap current fraction, has become
1070-664X/2005/12(5)/056124/10/$22.50 12, 056124-1 © 2005 American Institute of Physics

Downloaded 12 May 2005 to 128.178.125.178. Redistribution subject to AIP license or copyright, see http:/pop.aip.org/pop/copyright.jsp


https://core.ac.uk/display/147938399?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.1896953

056124-2 Coda et al. Phys. Plasmas 12, 056124 (2005)

known as the advanced tokamak progfaWithin this set of 7 B
activities, interest has shifted more recently to the confine- A pel
ment properties of the electron fluid:” This has direct rel- b X 223 ] 2
evance to a future D-T reactor, in which energy from ener- 5 2003
getic « particles will be preferentially transferred to electrons
and the electron temperatufgis expected to exceed the ion 4 A
temperatureTi.8 In addition, anomalous electron transport 2 ERu
(i.e., the ratio of the experimental to the neoclassical diffu- =i 3 O |
sivity) is typically approximately one order of magnitude

. ; . 2000
higher than anomalous ion transpdrnd the need to find 2 O
avenues for improvement is correspondingly greater. Consid-
erable technological developments in high-frequency, high- 11 & 1998
power, long-pulse gyrotror?swhich can heat electrons effi- B . . ) .
ciently by electron cyclotron resonance heat{g¢RH) and 0 0.2 04 0.6 0.8 1
thus effectively simulatex-particle heating, have opened the Bootstrap current fraction

way to a rich field of study. Electron ITB&ITBs) have been _
generated in several deviéds > “and a substaniial body £, Gk, Secton eney connerent sobancement actor e e
of work now exists, both theoretical and experimental, @iM+raction for representative TCV discharges. The color coding refegdo
ing to elucidate the physics of these phenomena and to shédangles are for fully noninductive discharges and circles for discharges
light on both their similarities to and differences from ion with an inductive component. The crosses indicate shots in which the high-
ITBs. performance phase lasted less than 2gt.

Work on the Tokamak a Configuration Variakf€CV)
(Ref. 13 in the past few years has contributed to research
along the advanced tokamak path from a uniquestrap fraction exceeding 80%, and energy confinement en-
perspectivé>**1°> TCV plasmas are heated with second- hancement up to a factor of 6 over the T€Cvmode scaling.
harmonic ECRH at extremely high power densiti@lsx-  The latter two parameters have reached 75% and 5, respec-
surface averages in excess of 30 MW}jrand at low plasma tively, for durations exceeding >87CRT.15‘19 (In this paper,
density(<=3x 10 m™3, dictated by ECRH accessibilityAn  the confinement enhancement will be characterized by the
important consequence of the low operational density is pooparameteHg, \y, €xpressing the ratio of the electron energy
coupling between electrons and ions, which causes the eleconfinement timer,g to that predicted by the Rebut-Lallia—
tron temperature to be much larger than the ion temperatur&Vatkins scaling® The latter is an excellent predictor of TCV
The confinement properties of the electrons can thus be studl-mode confinement, which owing to the poor confinement
ied virtually in isolation, under extreme heating conditions,properties of electrons is typically a factor of 2—3 lower than
and in the absence of externally driven plasma flows. Thehe ITER-L-98 scalind)
ECRH delivery system provides unique flexibility: the The operational recipe for generating noninductive
second-harmonic system at 82.7 GHz consists of six 0.4BITBs is as follows>'° The discharge is initiated as a ca-
MW beams delivered by six independent launchers, whicmonical Ohmic discharge. After the beginning of the current
can be steered in real time to provide either pure heating diat top, co-ECCD is applied off-axis, betwepr 0.2 and 0.5
cocurrent and countercurrent drivECCD) simultaneously (p being a normalized radial coordinate proportional to the
at different locations within the plasrﬁgAn equally flexible  square root of the enclosed plasma voliintehe externally
control system, based on 16 independently powered shapirapplied electric field is then switched off by holding the cur-
coils, permits the control of extremely varied plasma shapesgent in the transformer primary constant. Stiff feedback con-
and positions within the vacuum chamb@longation 0.9 trol is used on the applied coil voltage in order to keep the
< k=<2.8, triangularity —0.6< < +0.9. The main plasma coil current close to its preprogramed value, while control of
parameters are as follows: major radis 0.88 cm, minor  the plasma current is relinquished. The formation of an elTB,
radiusa=0.25 cm, plasma curremf<1 MA, toroidal mag-  signaled by the appearance of a localized steep pressure gra-
netic fieldB,<1.54 T, total ECRH powefsecond and third dient, is observed after a time of the orderrgkr. Once the
harmonic, 82.7 and 118 GHz, respectiyeBec=4.5 MW. current profile evolution is complete, applying power in the

The versatility of ECRH for driving current, tailoring the low-diffusivity core region raises the global confinement rap-
current profile, and heating electrons in a localized fashiondly, over a confinement time scale. A definition has been
makes it an ideal tool for studies of enhanced-performanceroposed to quantify the barrier strené’rh;vhich is identi-
scenarios in steady-state conditions. Indeed, fully noninducfied with the parameterp:naw i.e., the maximum Ofp;—
tive operation with ECCD and bootstrap current for times=p4/L+., Wherep is the ion sound gyroradius ang, is the
well in excess of the resistive current redistribution timeelectron temperature scale length, and all quantities are mea-
(1cgry) is routine on TCVV1" ¥ Improved core electron con- sured on the outer midplane. An example of the steady-state
finement was also obtained early on with ECRH andelectron-pressure, power-deposition, aiqurofiles is shown
ECCDM As illustrated in Fig. 1, the two scenarios have in Fig. 2, and the corresponding time evolution of the rel-
progressively been merged with the generation of fully non-evant quantities is depicted in Fig. 3. Numerous variations on
inductively sustained elTBs with poloid@ up to 2.4, boot- this basic scenario or perturbations to it are of course pos-
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FIG. 2. (a) Electron-pressure profile from Thomson scatteritiy; ECRH 51 1

power-deposition profile calculated by ray tracisglid curve, off-axis co-

ECCD sources; dashed, core counter-EGQD) py profile, for shot 25645 0 - - , ,

atl5s. ' ' y '
51 Hyy '

sible, and some of the more relevant ones for current re- ' ' ' '
1

search will be discussed in the remainder of this paper. Al- (i) Bootstrap fraction
though TCV lacks a current-density) profile measurement 05}
at present, a combination of indirect experimental measure- 0 . . . .

ments and numerical modelihgg22 suggests that the off-axis 0 0.5 1 1.5 2
co-ECCD and the bootstrap current localized in the high- Time (s)
pressure-gradient region combine to produce a hollow cur- _
rent profile and a nonmonotonic safety-factqy profile. The ~ FIG. 3. TCV discharge 256452) plasma current(b) ECRH power;(c)
b is f d by the f . f the barri loop voltage;(d) line-averaged densityg) central electron temperaturé)
ootstrap _C_urrent IS Tavore _y t e ormation of the arrler'poloidal B; (g) electron-energy confinement timgj) electron-energy con-
and a positive feedback loop is initiated that keeps the boofinement enhancement over the Rebut—Lallia—Watkins scalingpotstrap
strap current density well aligned with tlygprofile required  current fraction.
for the barrier, into the steady-state phase:
The lack of externally imparted angular momentum
makes the generation of large-scale sheared flows unlikely,
and suggests thaE X B shear stabilization of turbulence .

does not play a role in the physics of these barriers. Thid steady state is discussed in Sec. lll. The barrier location

remains to be confirmed as the radial electric field is not yeféMains constant over a time up to an order of magnitude
known in these discharges. Only the toroidal rotation hadonger thanregr and two orders of magnitude longer than

been measured thus far and has indeed been found to Bee
negligible?® The application of a small Ohmic current perturbation,

The aim of this paper is to describe the current status odccompanied by negligible energy transfer, to an otherwise
steady-state high-performance scenarios in TCV and of oufully noninductive elTB discharge has yielded a clear, unam-
theoretical understanding of the underlying physical mechapiguous proof of the key influence of the core current profile
nisms at play. Section Il is concerned with the formation ofgn the properties of the barrier: a small amount of cocurrent
the barrier. Evidence is presented to correlate the barrier fO%ubstantiaIly degrades the barrier while a small amount of
mation, a rapid event, with t_he time and Iocatlon_of the aPcountercurrent enhances it, both effects increasing with
pearance of a radial location of zero magnetic shear current?*?® This demonstration will be the subject of Sec.

=(p/q)dg/dp. Once the barrier is formed and the current . I . .
diffusion is complete, steady-state conditions are achieved - Section V presents an initial theoretical corroboration of

provided magnetohydrodynamiMHD) stability is pre- the rolle of the current profile in the elTB physics; tr.ansport
served. Steering a MHD-free course has proven operationallfiodeling is used to study the current profile evolution, and
feasible by controlling both the and pressure profiles gyrokinetic and gyro-Landau-fluid simulations are performed
through the location, ECCD content, and power ratios of thdo investigate the microinstability growth rates. Finally, Sec.
off-axis and on-axis beams. The phenomenology of the elTB/I concludes the paper with final remarks.
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. . ] . . FIG. 5. Electron-temperature profiles from Thomson scattering along a cen-
O ! ! ! ) tral vertical chord for discharge 21655 at 0.@rsangles and dashed cupve
2 _/(\I/' ] and 0.65 dcircles and solid curye
1l (f) SXR emission (a.u.) at ~0.62s, signaling a sudden improvement in
confinement?® This is borne out by th&, profiles measured
0 ' - ' ' by Thomson scattering before and after the transitieig.
2 _/__j : 5), which reveal the appearance of a barrier.
1E () HRLW | : To analyze the details of the transition and determine its
o : | . . characteristic time, the temporal resolution of Thomson scat-
0.4 0.5 0.6 0.7 0.3 0.9 tering(50 m9 is insufficient. We turn therefore to a measure-
Time (s) ment of vertically line-integrated soft-x-ray emission, per-

FIG. 4. TCV discharge 216582) plasma current(b) ECRH power:(c) formed with a multiwire _Chamber proportlon_al detecto_r with
loop voltage;(d) line-averaged densityg) central electron temperaturg) ~ UP t0 Sus time resolution and-1.2 cm radial resolution.
soft-x-ray emission from a central chortl)) electron-energy confinement This measurement lends itself optimally to an integral inver-
gnha_mc_ement over the Rebut—LaIIia—WaFkins scaling. The vertical dashedjon in order to reconstruct the local emissivity. This proce-
line indicates the time of the elTB formation. dure is performed under the assumption of poloidal homoge-
neity by employing the Fisher regularization algorithm. The
Il. FORMATION OF THE EITB result for one discharge is shown in Fig. 6. On average the
inverted signal is slightly hollow, the result of a nearly flat
~ The standard operational scenario for generating & nOsentral pressure profile and of a hollow effective chafge
inductive elTB involves a transition from an Ohmic, cen- The transition(at time 0.545 s in this dischargés clearly
trally peaked current-density profile to a hollow profile seen to occur in less than 3 ms, a time of the order.gf
driven by off-axis current sourcé$.The initial Ohmic cur-  The measured emissivity, taking into account the instrumen-
rent is designed to be close to the value that the noninductivg, responsivity, varies roughly Iikﬁ"‘ in this temperature
sources are able to drive. In typical scenarios with two 0-45ange, under the assumption that the densityoes not vary,
MW beams aimed gi=0.3, we set,=80-100 kA. A good
match minimizes the evolution in the plasma configuration
caused by the total current growth or decay, which occurs (a.u.)
over a global /R time scale, which is equivalent to the time 0.8 25
for current diffusion through the entire plasma column. The ¢ 7
redistribution of the current profile from peaked to hollow
involves a diffusion over only=1/3 of the plasma radius, 0.6
and the scaling of the diffusion time with the square of the 0.5
distance results in a redistribution timerr one order of
magnitude smaller than the/R time. Experimentallyrcgt is <04
estimated to be-0.2 s, as will be seen later.

During the Ohmic phase the current penetration is rather b3
rapid (<0.2 9, owing to the low temperaturypically 0.6— 0.2
0.8 keV at this current and is complete by the time co-

ECCD is switched on. The temporal evolution of the plasma 0.1

current, surface loop voltage, line-integrated electron density, 0! : — : :

central temperature, soft-x-ray emission from a centrally 054 0542 0544 0546 0.548 0.55

viewing chord(lsyxg), and confinement enhancement factor Time (s)

after the co-ECCD switch-on is shown in Fig. 4, along with o _ S _

the ECRH power. In the time range considered in this figureFIG' 6. Contours of local soft-x-ray emissivity derived by F|shgr inversion
from line-integrated measurements performed by a vertically viewing mul-

no Ce_ntral heating is applied _and the current profile is stilljyire chamber proportional detect6FCV discharge 24924 The minimum
evolving. A clear upward step is seenTigy, Isxg, @andHgyw  p resolved by the procedure js=0.017.
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as suggested by Fig. 4 and as corroborated by local
Thomson-scattering measurements, and #at does not
vary appreciably over the rapid time scale under study. Fig-
ure 6 shows that the increase in temperature, hence in con«_
finement, first occurs locally gi=0.3 and then propagates
both inwards and slightly outwards. A fit to experimental g 05l
data based on a simple temporal-evolution model suggest:-—~ ™
that the local diffusivity reduction may occur over as short a
time as 0.2 ms, one order of magnitude less tlf*@f7

The transition occurs during a phase in which all exter-
nal actuators are held constant. As the primary quantity that
is known to evolve continuously during this phase, the
current-density profile is likely to have an important role in
the formation of the barrier. No current-profile measurements
are currently available on TCV, and we must rely instead on <
a combination of indirect experimental measurements and
numerical modeling to assess the current-density distribution

A/m

and separate its various components. 2r

The Ohmic current-density profile before the auxiliary
heating begins can be calculated from Thomson-scattering 00 0'2 0'4 0I6 0I8 1
electron-temperature measurements by assuming neoclass ) ) 0 ) )

cal resistivity. As the temperature is centrally peaked, so is
the current denSity. The noninductively driven current prOf”eFlG. 7. (8) Current-density profiles: totdkolid curve, ECCD component
in the steady-state phase, in which no inductive component islashed bootstrap componer{tiash dotteli (b) safety factor profile, for
present, is estimated as follows. The bootstrap componerdCV discharge 21655 at 1.6 s, in the steady-state elTB phase.
jgs is calculated from electron density and temperature mea-
surements by Thomson scatterﬁ'?gFrom this, thetotal
ECCD current is trivially obtained by subtraction. The
ECCD current density profilg-c can then be calculated by
the Fokker—Planck quasilinear cod®L3p, > by adjusting
the radial electron diffusivity such as to match the total
driven current® This procedure, which has become standar
for TCV, has its origin in the insight gained from experimen- The characteristic time for current redistributiopgr
tal and numerical work on the radial transport of supratherfrom the initial peaked Ohmic profile to the ultimate hollow
mal electrons. Experimental evidence of broadening of theoninductive profile is typically of the order of 0.2 s in the
suprathermal-electron spatial distribution goes hand in handcenarios discussed in this paper. This time can be estimated
with the observation that the quasilinear enhancement oéxperimentally by fitting a simple exponential time variation
ECCD efficiency is weaker than expected at the high ECRHo the evolution of equilibrium parameters such as the inter-
power density of TCV: both effects are explained by radialnal inductance. The observed time is consistent with simple
electron transport: Both jzs andjgc are found to be peaked order-of-magnitude arguments based on resistive diffusion
off-axis, as expectetf. The noninductivej profiles and the and has also been confirmed hgTRA simulations?” After
correspondingy profiles are shown in Fig. 7. the current profile has been allowed to evolve o(2+3

Thus at some time between the zeroing of the externak 7cgt, it has reached a steady state. The barrier can be
electric field and the end of the current redistribution processnaintained for the whel 2 s duration of the gyrotron pulse
the g profile must become nonmonotonic. The time-varyinglength and is therefore in steady state for up to &gt
phase is more challenging to model, since tt@ 3D code The elTBs generated in TCV are thus truly stationary in
does not include the back emf from the plasma. A simplifiedthat they are fully noninductively sustained, are maintained
intuitive approximate model can be used to gain insight intoat constant total current and with all core plasma parameters
the role of the current profile and to guide a more rigorousstationary, and are finite in duration only because of technical
subsequent modeling. This model uses profile form factorsonstraints and not because of fundamental physics limits. In
and absolute magnitudes for the various current componentsarticular, the location of the barrier is unvarying throughout
that are theoretically predicted functions of the measuredhe stationary phase, as illustrated by Fig. 8.
density and temperature profil%6s.By assuming that the The steep electron-pressure gradients that develop once
Ohmic current decays exponentially, the entire current profilehe elTB is formed, particularly after the subsequent appli-
evolution can then be obtained by a fit to the experimentatation of central heating, tend to drive MHD instabilities that
data. The reversal of thg gradient occurs off-axis, with the can then degrade the barrier or even cause the plasma to
minimum ¢ location appearing gb=0.3. At this time and disrupt under some conditions. Ideal MHD calculations us-
location, the elTB is formed. This model thus suggests thaing the codexinx (Ref. 33 show that ideal modes can occur
the barrier is directly tied to the existence of &0 near theg=1, q=2, andq=3 surfaces when the minimum of

location®® More rigorous simulations using the transport
codeASTRA (Ref. 32 to model the current profile evolution
are underway and will be the subject of a future publication.

Il. THE STEADY-STATE PHASE OF THE EITB
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045 L\/\M"/\\\F (au.) mented in Ref. 21. Here we sketch briefly a summary of the
) 4 principal relations. The location of the off-axis ECRH
3.5 sources has a strong influence on both the location and the

strengthp,,, Of the barrier, which moves with the deposition
location and becomes stronger as it shifts outward, within the
25 range in which current drive remains sufficiently efficient.
The parallel wave number of the central ECRH bésirhas

a significant effect on the strength, but only a weak one on
11.5 the position of the elTB. A counter-ECCD component, which
also increases,, tends to strengthen the barrier and vice
versa. The power ratio between the central and off-axis
105 sources is an additional control parameter. Experimentally, it
has proven feasible to combine these actuators so as to steer
) a stable course towards the formation of the elTB and the
Time (s) attainment of steady state. The control is robust in that it is

reproducible and the safety margin can clearly be ascertained
FIG. 8. Contours of vertically line-integrated soft-x-ray emissivity on the by experimental tuning

low-field side of the torus, as a function of the minimynfor each chord,
for TCV discharge 21655. The enhancement parametdg , was found to scale

approximately as the strength of the barr,ié{ax multiplied

by the volume enclosed by i?. The dependence ¢f,, and
the Safety factor is in the prOXimity of those values. Thethus HRLW on the central current-drive component has spe-
global normalized-betgBy=pBaB;/1p) limit is effectively re- il significance as it suggests that an increased negative
duced under these conditions up to 7 times compared with itgheqr in the core region has a beneficial effect on the overall
L'mOO_'e level, as shown in Fig. 9 for a case n which theqnfinement. However, the barrier appears to be initially cre-
latter iS By max=5.0. The modes have a predominantly local ted in thes=0 region, over a width that is narrower than the

character, owing to the large local pressure gradient, an - o .

have been Iinke%l with expe(\rgimentallypobservedg periodic re- CRH deposition profile, indicating that the negative-shear
laxation oscillations. Additionally, tearing modes can also begs< O)tr:eglonhmay SOt pI?y a rolf attflrsdt, tonlt)k/] aftervtvar]:j?h
destabilized during the elTB; these resistive MHD instabili- @°€S 1€ énhanced confinement extend to the rest of the

ties, which are readily identified by the analysis of magneticdeposition profile. Additionally, the suddenness of the elTB

pick-up coil signals, also cause a reduction in globa/@PPearance, discussed in the preceding section, is not com-
confinement? patible with a smooth dependence gf on s as the latter

The dependence of these instabilities on therofile, ~moves from positive to negative. These observations offer
and particularly on its minimum value, as well as on theclear and strong constraints to theories that attribute the con-
pressure gradient, suggests experimental avoidance methdiiisement improvement to the suppression of microinstabili-
that rely directly on the flexibility of the ECRH sources. The ties in the presence of weak or negative shedfthe depen-
influence of the deposition locations, parallel wave numbersgence on shear must be highly nonlinear. Whether the
and power ratio of the different ECRH sources on the propdiffusivity x. is significantly lowered throughout the core is
erties of the barrier in the steady-state phase has been doq{}bt known at present, as no elTB scenario has yet been gen-

erated with heating that is strictly on-axis and sufficiently

2 localized. Indeed, simulations suggest that differentiating be-
tween a narrow and an extended reduced-transport region
may be difficult within the experimental uncertainties be-
L cause of the intrinsic ECRH beamwidth.
Hence, important open qualitative questions remain,
g even before the quantitative ones can be addressed about the
| detailed dependence of bogh and y. on s andg: Does the
increased negative central shear affect the barris=étin-
directly through a modification of its gradiest there, or
e does it act to reduce thecal energy diffusivity3°*°In the
6 o5 1 15 2 25 3 latter case, does the dynamical evolutig) depend ors,

Bin resulting in a delayed but ultimately efficient diffusivity
FIG. 9. Stability limit for ideal MHD instability for the TCV elTB discharge dU€NCh in the center? If the barrier instead does remain lo-
21655, calculated by themnx code and expressed as an upper limit in calized ats=0, as advocated by the so-called radial-gap or
normalizedBy=BaBy/l, (%, m, T, MA) as a function of the minimum value  7erg.shear-gap theoriéswhat parameters govern its width?
of the safety factqr. The latter is varied by‘ re_scallng the t(_)tal current atFinally is there a power flow-threshold for the creation of a
constant internal inductandg=1.25. Thegy limit for conventional sce- ’
narios is~4l;=5.0. barrier?

0.5
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FIG. 10. Theoretical incremental current-drive efficiency for Ohmic drive
(solid curves, for total plasma currents ranging from 50 to 200 kA in 50 kA

steps and ECCD(dashed curveas a function of electron temperature. 1 (b) H
Neoclassical resistivity has been assumed and the ECCD efficiency is cal- RLW . ‘
culated by a linear ray-tracing code for a centrally deposited beam with 30° 0
o 0.5 1 1.5 2 2.5
angle to the normal to the magnetic field at the resonance. The reference Tifiie ()

parameters and profiles are from the elTB phase of shot 21655ngjth

=1.1x10"° mS. )
FIG. 11. (Color). (a) Surface loop voltage an() electron-energy confine-

ment enhancement factor for different externally applied voltages. The dis-
charge with the most negative voltageuntercurrentand the largest en-
hancement became unstable and disrupted.

IV. RESPONSE OF EITBS TO OHMIC CURRENT
PERTURBATIONS

sibility of a pure, well-controlled central current source
which can be varied in sign and magnitude without altering
t%e power deposition profile.

We have carried out such an experiment, using a refer-
ence elTB scenario with central ECRH and no central cur-
rent drive, which does not reach the highest possible stable
dt)erformance and thus leaves a margin for improvement. A
power. A comparison of Ohmic current-drive efficiency with current ramp Is preprogrameq in the Ohmic transformer pri-

mary starting at a time well within the steady-state phase of

E.CCD efficiency is shown n Fig. 10 f(_)r typllcal ey eITB_ the discharge. Feedback control is again used on the applied
discharge parameters to illustrate this point. Perturbative - . .
oil voltage to obtain the desired current wave form. One

Ohmic current injection is therefore an efficient means o X
. - . . therefore has direct control over the surface loop voltage,
adding a small current variation to an otherwise noninduc-

. . X . - . which has been varied in steps fron®0 to +60 mV (coun-
tively driven discharge, with negligible energy transfer. This : N

o o tercurrent to cocurrentThe result is shown in Fig. 11. Cen-
permits, in principle, the study of the effect of a current

perturbation in isolation. The steady-state spatial distributior%ral co.current clegrly degrades the barrier while coqntercur-
rent improves it, as measured by the confinement

of the perturbed current cannot be controlled independentlyénhancemem The strength of the barrier follows a similar

as it fo!lows theslcz:ondl_Jct.ance profile gnd thus is e.ssem'a”)(rend, whereas its position is essentially unaltered, as shown
proportional toTg“. This is, however, ideal for probing the in Fig. 12. The Ohmic power dissipation here-i8 KW, a

role of the central current in the phy§|cs of the eITB. Thetruly negligible 0.2% of the total heating power. Momentum
need to allow for full current penetration to occur is not a. .~ .9, - . . )

. . . . ... injection is equally negligible. This constitutes unambiguous
particular concern in TCV, given the time scales for resistive
diffusion that have been presented in the previous sections.
Even in a high-performance elTB scenario, current penetra-
tion is essentially complete after 0.5(Ref. 43 (see the
following section).

The role of the central current, or equivalently of thhe
profile inside the barrier, and, in particular, of its steepness in
the s<0 region, have been evidenced by varying the central
current-drive component, as discussed in Sec. Ill. However,
the current source in this case coincides with the main heat-
ing source in the core region. Varying the toroidal injection ) )
angle of the beam, hence its parallel wave number, does not z (m)
change the absorbed power appreciably; however, the depo-

e ; : - FIG. 12. Electron-temperature profiles for three discharges of the series
sition location and width do change as a result of the varylnihOWn in Fig. 11: 259560 V, circles and dashed curve@5958(.-60 mV,

Doppler shift e>.<perienceq by the resonant electrons. AnRguares and dash-dotted cun@5952(—60 mV, triangles and solid curye
Ohmic perturbation experiment, by contrast, offers the posat time 1.95 s.

The intrinsically pulsed nature of the transformer action
constitutes a significant disadvantage, which has motivated
significant worldwide effort in the development of noninduc-
tively driven discharges for potential steady-state
operation‘f2 However, the tranformer principle provides by
far the most efficient method of driving a toroidal current,
measured in terms of driven current per unit dissipate
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FIG. 13. (a) Electron-pressure profiles averaged from 1.9 to 2.2 s(anhd

0 0.5 1 1.5

current-density profiles calculated by a Fokker—Planck simulation for dis-

charges 2595&ircles and solid curves;30 mV loop voltage, 0° toroidal Time (s)

angle of the central begnand 2596Q(triangles and dashed curves, 0 mV

loop voltage, 5° toroidal angle in the counter-ECCD directidrhe simu- FIG. 14. Spatiotemporal contours of Ohmic current-density profiles calcu-

lations are run by keeping the discharge conditions identical using sholated byasTra in interpretative mode for discharge 25957 with an external
25956 as reference. The confinement enhancement felgiqy is =3.7 in voltage perturbation of-30 mV.
25953 and 4.1 in 25960.

V. MODELING OF EITBS

Modeling of TCV elTB discharges has recently been

proof that the current profile plays a crucial role in determin-performed using the 1.5D transport coserrA.32 The code
ing the confinement propertié$™It can also be concluded inclydes a system of 1D diffusion equations to describe the
that no threshold exists in the power flow variation requireddensity and temperature evolution of the plasma compo-
to affect an existing elTB, although the crucial question ofpents, a 2D MHD equilibrium solver, and various modules to
whether theformation of the barrier is subject to a power dgescribe additional heating, current drive, and nondiffusive
threshold remains open. processes. The electron-cyclotron driven-current profile, in

No discontinuity or nonlinearityas could be expected particular, is provided bgQL3D. ASTRA can be employed in
from a bifurcation, e.g.is observed in this scan. The con- poth an interpretative mode, with experimentally measured
finement enhancemetig, in particular, varies continu- density and temperature profiles or, equivalently, transport
ously with the loop voltage, a qualitatively similar depen- coefficients; and in a predictive mode, with theory-based
dence to that on the toroidal injection ané’reas is to be  transport coefficients.
expected if the latter is attributed primarily to the change in Employed in an interpretative modesTRA is a valuable
central driven current. The similarity continues with the tool for studying the evolution of the current density profile,
modest effect that both actuators have on the position of thef which there is no direct measurement. Simulations have
elTB. We have run acqQL3p (Fokker—Planck quasilinear confirmed that the safety-factor profile is expected to be re-
simulation for cases with, respectively, central countercurrenfersed in the standard noninductive elTB scenarios discussed
drive with a 5° angle of the wave vector to the normal to thein this paper, even if the current driven off-axis by ECCD is
magnetic field line, and central ECRiHo ECCD with —30  taken to be at the low end of the uncertainty attributed to the
mV loop voltage(the off-axis co-ECCD sources are identical cqLap modeling‘,13
in the two cases The total current calculated by the code is An analysis of the Ohmic perturbation experiments de-
the same in both cases, although the current profile is slightlgcribed in Sec. IV has also been carried out to model in detail
more hollow in the counter-ECCD case. This is consistenthe penetration of the Ohmic perturbation into the plasma
with the slightly better confinement in this case, as evidencedore. The evolution of the Ohmic current profile is shown in
by Fig. 13. Fig. 14 for a discharge with+30 mV (cocurrent applied

As a further test of the role of the current profile in thesevoltage. The evolution of the integrated Ohmic current is
experiments, in the initial current-penetration phase thelosely described by an exponential fit with characteristic
plasma undergoes a transient confinement evolution thaime rogr=0.15-0.2 s. This time is found to scale'E)},‘:2 as
goes opposite to the ultimate state; i.e., a temporary eITI%xpecte(f?’
enhancement is seen with positive loop voltage and vice Predictive modeling of the standard elTB scenario has
versa. This can be readily understood as, for instance, a posiso been carried out by coupling ASTRA the gyro-Landau-
tive Ohmic perturbation propagates inward from the edgdluid codeGLF23** which derives transport coefficients from
and initially drives the central shear more negative befordirst principles through a mixing-length modeling based on
rendering it less negative once it has fully penetrated. Thigalculated microinstability growth rates and perpendicular
dynamic behavior has also been confirmedasyrA simu-  wave numbers. Preliminary results are promising in that the
lations of the current profile evolutioh:*® simulation is successful in predicting the formation of a
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barrier?’ This is due to a substantial reduction of the theo-port the conclusion that turbulence and turbulent transport
retical energy diffusivity in the negative-shear region, theare strongly reduced in the proximity of the minimugre-
effect being maximum in the proximity of the=0 location.  gion. The dynamical evolution leading to the formation of
The primary physics behind the, suppression irsLF23is  the barrier, and the possible nonlinearities or discontinuities
the Shafranov-shift effect on the trapped-electron toroidahssociated with it, however remains to be studied. A number
precessioif’ This effect can be artificially turned off in the of questions thus remain open, particularly concerning the
code, in which case no significant suppression is predictedevel of transport in the region enclosed by the location with
Global linear gyrokinetic simulations have confirmed thatthe steepest gradient, concerning the connection between the
trapped-electron modes are expected to be the dominant mientral shear and the energy diffusivity at the barrier, and
croinstability in these TCV discharges; these simulations alsaoncerning the temporal dynamics of the transport quench.
show a reduction in the mixing-length diffusivity associatedWhile the results are thus insufficient to permit a clear choice
with low-n modes, which tend to be localized around thebetween existing theories, they do, however, strongly con-
barrier locatiorf>> This again is consistent with a reduction in strain the theoretical efforts to come.
cross-field transport.
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