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IAEA No. CN-56/A-T-19

REGIMES OF IMPROVED CONFINEMENT
AND STABILITY IN DIII-D OBTAINED THROUGH
CURRENT PROFILE MODIFICATIONS"

ABSTRACT

Several regimes ofhnproved confinement and stability have been obtained in
recent experiments in the DHI-D tokamak by dynamically varying the toroidal
current density profile to transiently produce a poloidal magnetic field profile
with more favorable confinement and stability properties. A very peaked current

density profile with high plasma internal inductance, ?_, is produced either by
a rapid change in the plasma poloidal cross section or by a rapid change in the
total plasma current. Values of thermal energy confinement times nearly 1.8 times
the JET/DHI-D ELM-free H-mode thermal co-A,_r-ent scaling are obtained.
TI_e confinement enhancement factor over the ITER89--P L-mode cc_aFmement
scaling, H, is as high as 3. Normalized toroidal beta, _v, greater than 6 %-m-
T/lVLk and values of the product _NH greater than 15 have also been obtained.
Both the confinement and the ma_mllm achievable _ vary with _ and decrease as
the current profile relaxes. For strongly shaped H-mode discharges, in addition
to the current density profile peakedness, as measured by/_, other current profile
parameters, such as its distribution near the edge region, may also affect the
confinement enhancement.

1. INTRODUCTION AND OVERVIEW

The study of plasma stability and energy confinement as well as methods
to improve them has been a very active area of tokamak research. These im-
provements may be measured by the normaUzed beta, _v -=BT/(I/aB), and the
confinement enhancement factor over the ITER89--P L-mode confinement scal-
ing [1], H -- r_/rrrl:_9-p. Improved tokamak performance in both _Iv and H
concomitantly is desirable, which, together with an advance in the area of heat
flux haudlin!] capability of the plasma facing components in the tint wall, can
potentially lead to a more compact and economically more attractive reactor.

In recent DHI-D tokamak experiments, several regimes of improved con-
fiuement and stability have been obtained by dynamically varying the toroidal
current density profile to transiently produce a poloidal magnetic field profile
with more favorable confinement and stability properties against instabilities
and turbulence such as those driven by the pressure gradient. Confinement en-
hancement factors, H, _3 and thermal energy confinement times normalized
to the JET/DHI-D ELM-free H-mode thermal confinement value [2], 1"lr ------
_rR/I"jZT/OIII_D, _1.8 have been obtained, I"jST/OHI_O (s) --0.106 Pz_°'4s
(MW) Ix'°s (MA) R x'_ (m). _lv greater than 6 %-m-T/MA and values of the

* Worksponsored by the U.S. Department of Energy under Contract Nos. DE-AC03-
89E1_1114, DE-AC05-84OB.21400,and W-7405-ENG-48.



product_NH greaterthan 15 have alsobeen obtained.The currentprofileis
variedeitherby a rapidchangeintheplasmapoloidalcrcsssectionorby a rapid
change in the totalplasma currentto producea verypeaked currentdensity
profilewithhighplasmainternalinductance,l_.Both the confinementand the
maximum achievable/9improvewithincreaseinl_and decreaseas thecurrent
profilerelaxes.

Inelongationramp experiments,a verypeakedtoroidalcurrentdensitypro-
fileistransientlyproducedby dynamicallyincreasingthedischargeelongation,s,
ata veryfastrate,_ _ 2/s,afterinitiationoftheauxiliarybeam heatingphase.
Sincethecurrent_ion timeinthehotplasmacenterislongrelativetothat
in theedgeregion,thecurrentchannelistrappedintheplasma coreproducing
a verypeaked currentdensityprofile.Both theinputbeam power,PA'sr,and
theplasma current,3, areheldfixedduringthe s ramp. The s ramp serves
bothtocreatea peakedcurrentdensityprofileaswellastoinducean L-mode to
H-mode transition.ELMing H--modeplasmasareobtainedwhen themaximum
exceeds1.8.The energyconfinementimproveswith_ and then decreasesas

thecurrentprofilerelaxesand ELIVRugoccurs.
In currentramp experiments,a peakedcurrentdensitywithsmallornega-

tiveedgecurrentistransientlyproducedby rapidlydecreasingI ata fastrate,I,
up to--4l_a./s.Experimentswereperformedin_ _ 1.2L--modelimiterplasmas,
_ 1.7L-mode and H-mode limiterplasmas,aswellas_ _ 2 H-mode divertor

plasmas [3]. The improvement in the ener_ confinement is found to correlate
with the increase in _, as is observed in current ramp experiments in L-mode
plasmas in various other tokamaks [4-7], except in an experiment in H-mode
divertor geometry. In a current ramp experiment in _ ,_ 2 H-mode divertor plas-
mas, the plasma stored energy Wr is observed to follow I and decrease rapidly
shortly after the current ramp phase beans, despite a large increase in l_.

Although both the _ ramp and the current ramp techniques produce a
peaked current density profile with hish _, the details of the current density
distribution in the edge region may be different depending on the details of the
operations. The current ramp method obtains a peaked profile transiently by
driving the loop voltage negative which tends to reduce the edge current density
and, at a su_ciently fast ramp rate, can make it negative. In the _ ramp case,
peaking of the current density profile is accomplished by adding cold plasma
to the edge region at a fast rate so that most of the current is trapped in the
core, which tends to give rise to a low but positive edge current density. The
ditTerence between the current ramp results in divertor H--mode plasmas and the

ramp results suggest that for strongly shaped H-mode discharges, in addition
to the current density profile peakedness, as measured by _, other current profile
parameters such as its distribution near the edge region may also play a role in
the confinement enhancement.

The current ramp technique has also been used to produce discharges with
high _N as well as high H in _ ,_ 1.2 L-mode plasmas. The maxi,vmm obtain-
able _v isobservedto increaseapproximatelylinearlywithl_,as isobserved
in confinementexperiments.The resultisconsistentwithboth analyticaland
numericalpredictionsofthescalingofthe_ limitwithl_basedon theidealbal-
looningmode theory18].Only verylimitedattemptshavebeen made to study
high_NH plasmas using the _ ramp technique.The _vH valuesobtainedin
these current profile modification experiments are among the highest that have
been achieved in DHI-D.



The resultsofthes ramp experimentsaresummarizedinthenextsection.
This isfollowedby a discussionofthe currentramp experimentsin Section3.
In Section4, a summary ofthehigh_vH dischargesobtainedusingthesetwo
techniquesisgiven.Finally,a conclusionisgiveninSection5.

2. ELONGATION RAMP EXPERIMENTS
f

The _ ramp experimentsaremotivatedby theconfinementresultsfrom
,currentramp experimentsin L-mode limiterplasmasfrom variousothertoka-
maks [4-6],as wellas thebetaand the confinementresultsfrom currentramp

Ii experimentsinDIH-D [3]which aredescribedinthenext section.The experi-ments aredesignedto furthertesttheeffectsoftoroidalcurrentdensityprofile
i" on energyconfinementby making useoftheuniqueshapingcapabilityofDHI-D

tovarythecurrentprofileby a rapidchangeintheplasmapoloidalcrosssection.
Unlikethe currentramp method, which simultaneouslyvariesboth the shape
ofthe currentprofieand thetotalplasma current,I,the _ ramp techniqueis
capableofvaryingonlythe shapeofthecurrentdensityprofilewhilekeepingI
constant.Thus, theexperimentscan yieldadditionalinsightintotheeffectsof
currentdensityprofileon energyconfinement.

InFig.1,a timehistoryofan H-mode dischargeobtainedusingthen ramp
techniqueisgiven.Alsoshown aretheplasmapoloidalcrosssectionsatvarious
times,s isprogrammed toincreasefrom 1.3togreaterthan 1.8in 200ms with
I and PA'azheldfixedat 1 MA and 5.7MW, respectively.As n isincreased,
W and I"Nfirstdecreaseslightlyand thenincreasewithl_. Around 2120 ms,
when td_ 1.8and n _,1.8,theplasma transitsintothe H-mode phase and _'_v
increasesrapidlyfrom about0.9tonearly1.8and thenslowlydecaysbackto 1.1
neartheend ofthebeam heatingphaseat4000 ms. AftertheL-H transition,
tdcontinuestoincreasefrom 1.8tonearly1.9and then slowlydecaysto about
1.2asthecurrentprofilerelaxes.The surfacevoltage,Ps, increasesrapidlyfrom
1 to nearly3 V duringthe earlyphase of the n ramp, and then decreasesto
,,,-0.3V near the end of the ramp. As the currentprofilerelaxes,V'$slowly
risesback to ,_0.1V at 4000 ms. Also shown in Fig.1 isa referencen ,_2.1
H-mode dischargewithtd_,1 and I-_,,_0.9.Note thatunlikethecurrentramp
e.x-perimentsinL-mode plasmas,where Wr and _'sareobservedtodecayslowly
and only1"ivisobservedtoincrease,here,inadditiontoI"N,both W and I"Eare
foundto actuallyimprovefollowingthechangeinthecurrentprofieshape.

The _'A"variationduringthe slowcurrentrelaxationphase correlateswell
withthechangeintd.AftertheH-mode transition,thedischargestaysELM-free
forabout 240 ms and thenstartsELMing. DespitethepresenceofELMs, the
energyconfinementremainshigherthan valuesexpectedusingtheJET/DHI-D
ELM-free H-mode scaUng.Althoughthe dischargehas a verypeaked current
densityprofileandreaches_ ,,,2.1attd_,1.9,stabilityanalysisofMHD equilibria
reconstructedusingkineticprofileand magneticdata(describedbelow)showsit
isstableto theidealaxisymmetricmode witha conductingwallatthe vacuum
vesselsurroundingtheplasmaand unstableifthewallismore than 25_ away.

The improvementin confinementisobservedin both thedensityand the
temperature profiles.Thisisillustrated in Fig.2,wherethedensityand thetem-
peratureprofilesat2500 ms when td,_1.7and I"A"_,1.6arecompared against .



those at 4000 ms when _ _ 1.2 and _ ,_ 1.1. Transportanalysis using the

i meMured profiles shows that the eft"ective siz_e fluid thermal dJ_vity, Xdr, is
dSnificantly reduced over most of the plasma-cross section at the high l_ time,t

i althouKhthe ULUCecta_ztyis ]a,r_.
, The flux surface avera_ current density profiles, (J), at these two times
! reconstructed fi_)m equilibrium analysis [9] using the mesmzred kinetic profiles,
i theexternalmagneticmessurements,and a singlechannelMotic_alStarkEffect
i (MSE) mea_:ement [10] are given in Fig. 1. Reconstructionresultsusingthe

newly installedeight-channelMSE currentprofilediagnostic[11] and magnetic
i da_afora similardischargeshow currentdensityprofileswithsimilarshapes.

The reconstructedcurrentdensityprofdesshow a smsllbut positivecur-
._ rentdensityneartheedge re,on as wellas an improvementof theparameter,
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F;g. 2. Coml_rkon of electron temperature profiles from Thorrmon _.atterinll and I_rizontal
ECE, elecuondermityprofilesfrom Thomsonscattering;andinterferometry,andion tern-
petatureprofilesfromCERat2500ms(opencirclesandsolidcurvem)andat 4000rem(dotted
curvw)fora K rampdiKharp.

/_ -- S/_, in the plasma outer region _ > 0.4 at the high/< time. The small poai-
five edge current density may play a rx)lein the con_ enhancement and is
discussed in the next section. The parameter p characterizes the stabilization ef-
fects against pressure driven instabilities and turbulence due to the improvement
in the ma_etic shear, S, and the reduction in the cc_mecticQ length between the

and the bad curvature regions. Here, 0 _<z __ I is a nonnallzed equivalent
minor radius. The reduction of X, tr in the re_c_ z > 0.4 is co_stent with the
increase of # in this region. However, in the region z < 0.4, X,_ still shows a re-
duction despite a smaller # at the high _ time. This suggests a weak dependence
of X.er on S in this region.

The con_ement data obtained fi_nn several _ ramp discharges during the
slowcurrentrelaxationphasewith I = 1.0-1.5MA and P_sz = 4-12 MW are
summarized in Fig.3. _'Nisobservedto vary app_ely linearlywith t_.
The resultsaresimilartothoseobtainedincurrentramp experimentsinL-mode
plasmasin variousothertokamaks [4-7]and in L-mode and H-mode _ter
plasmasinDHI-D [3]as describedin thenextsection.

3. CURRENT RAMP EXPERIMENTS

Improvedconfinementhasbeenobservedwiththeuaeofcurrentrampingin
limiterH-mode discharges.A timehistoryofa _ _,1.7limiterH-mode discharge
obtainedusingthecurrentramp techniqueisgiveninFig.4.Alsoshown arethe
fluxsurfacesat 3300 ms nearthe timeof peaked storedener1_ywhen/d " 2.0



.0 , -

RAMP

H-MODE, _ -., 2.1 • ,.,

C) "1.S- H-MODE

%_, o° _, ,-,,1.7
_ •

• ,_o
.. ,. ,,..... L-MODE

I.o- ..%,, ,,-1.7
:

o., o ©
CURRENT RAMP
L-MODE. _ ,,, 1.2

0.0
o.s 1:o l'.s 2'.o 2.s

INTERNAL INDUCTANCE(_)
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and vlv *- 1.6 and aC 4200 ms near the end of the H-mode phase when _ *- 1.4
and _v *- 1.1. (J) aC these two times, reconstructed from the exZemal ma_eCics
and the ei_ht-channel MSE data, are also given in Fig. 4. / is decreased from 2
to I MA in _,700 ms with PNBI ,_4.2 MW. The discharKe sheq:e evolves slowly
from an inside limiter to become _y diverted in the top a1_er transition
into the H-mode phase du_ to the changes in the currtmt profile caused by the
current ramp. V$ d_ fi_m 0.6 V before the marren¢ramp phase to *- -1 V
near the end oi"the cuzcem ramp phase. As shown in Fig. 4, aCthe hish _ time
{J')neartheedgeis aeKaciw.

The enecKyconfmement is observedto vary with t_. The plasma trandts
into the H-mode phase during the current ramp near 3030 ms with s relatively
short ELM-free period. _ increases from 1.1 in the L-mode phase before the
cuzventramp to sreater than 2 after Cranaition into the H-mode phaae and then
decreases to ,,,1.4 near the end of the H-mode phase as the current proffie re-
laxes. Concurrently, l"_r increasesfrom about 0.5 to nearly 1.6 and then decreases
to around 1. As the currentprofilebroadens, the discharzetransitsback into
theL-mode ph,mewithI"N*-0.5after4300 ms, whichisoftenobservedin these
discharges. SLmJlar improvementofvivwithl_isalsoobservedin currentramp
experimentsinK _ 1.2and *-1.7L-mode limiterplasmas.The datafrom these
cmTentramp experimentsaremammarizedinFig.3.In additiontothe/_depen-
dence,thedatamay alsoindicatea possibledependenceofv,tjzon _.

In contrast,no improvementofconfinementwith/_ isfoundin a current
ramp experiment in _ *- 2 ELMiug divertor H-mode plasmas [3]. I is ramped
down duringthe ELM'tug phase of an H-mode discharge,ratherthan during
the L-mode phase as in thelimiterH-mode case,and st a fasterrate,from 2
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Fig. 4. T;rne evolution of the plasmastored enerEy,the normalizedthermal energy confine-
sent time, the line-sveralff_delectrondensity, ;nsl_dewall Da radiation, the surface voltage,
the internal inductance, and the total plasmacurrentfor s current ramp discharge,PNB! =
4.2 MW. Also shown sre the plumb boundary shapesand (J) at 3300 ma (solid curves)
and at 4200 ml (dotted curves). The two times 3300 and 4200 ms are indicated by arrows.

to 1 MA in about 300 ms, with PxBI '_ 7.3 MW. W is observed to i'ollow I

and decrease during the current ramp phase from -1.5 MJ to -. 1.0 MJ despite
a large increase in t_ from nearly 1.1 to greater than 2. A drop in electron
density of as nmch as 60%, primarily ;n the outer plasma region, is observed.
During the curr_t ramp, g varies _ -.2 to --1.7 due to the effects of the large
increase of _ on the discharge shape control system. Although the interpretation
of this experiment is complicated by this variation in s, the difference between

the results from this experiment and those from _ ramp and other current ramp
experiments suggest that in addition to the peakedness of _he current density
profile, as measured by 4, for strongly shaped H-mode plasmas other current

profile parameters, such as their detail distribution near the edge region, may also
play a role in the confinement enhancement by _'ecting the steep edge pressure
gradients often observed in H-mode discharges. In D IH-D H-mode discharges
with low edge current density, the edge pressure, gradients are limited by the
first ideal balloonin 8 mode stability [12]. In strongly shaped divertor plasmas,
the ball_g stability boundary is sensitive to the details of the edge current
density distribution.



4. HIGH ;gNH DISCHARGES

The currentramp techniquehas alsobeen used to studythe effectsof
currentprofileon ;9limits.The resultsofa ;9experimentin_ _ 1.2L-mode near
circularplasmasaresummarizedinFig.5. ;gN> 6 %-m-T/MA and valuesof
theproduct;gNH >15 havebeen obtainedby rapidlyrampingdown theplasma
currentat a fastrate,I < -2 MA/s, toproducea peakedcurrentdensityprofile
with& ashighas2.

The maximum obtainable/_Nisobservedtoincreaseapproximatelylinearly
with Ii,as isobservedin confinementexperiments.This resultisconsistent
withboth analyticaland numericaltheoreticalpredictionsof thescalingofthe
;9limitwith l_based on the idealballooningstabilitytheory[8].Also shown
in Fig.5 arethe idealballooning;9limitscomputed numericaUyusingMHD
equilibriacorrespondingtothesedischargesreconstructedfromexternalmagnetic
dat_ Detailedidealstabilityanalysisfora dischargenearitspeaked;gN_ 6%-
m-T/MA time usingequih'briumreconstructedfrom measured kineticprofde,
magnetic, and a single channel MSE data with a conducting wall at the vacuum
vessel shows that it is unstable to a 1/1 internal mode if the axial safety factor,
q(0), is less than 1 and stable to the n = i kink mode if q(0) is greater than 1.
The equih'brium is matutinally stable to the ideal ballooning mode. The n = 1
calculation results are consistent with the fmhbone oscillations often observed in
these discharges.

Only very limited attempts have been made to study the eiTects of current
density profile on/_ limits using the s ramp technique. In a _ ramp experiment
at a magnetic field, B, of 0.86 T, ;giv @rearer than 5 and values of the product
;gNH close to 13 have been obtained in a divertor H-mode discharge.
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F;K. 5. Variation of the normalized beta, ;gN, with l_ from a current ramp experiment
in limiter L-mode plasmas. Measured values and the corresponding calculated ballooning
mode limits are shown.



The ;9NH values obtained in these current profile modification experiments
are among the highest that have been achieved in DIII-D, although they are mod-
est in terms of the absolute values in ;9 and rs. These are summarized in Fig. 6
along with the rest of the data in the DIII-D beam heated deuterium plasma
database. The results suggest that with proper current profile control high per-
formance tokamak operation is possible. Also shown in Fig. 6 is a theoretical
limit for _3NH [13] derived from the/9 scaling expression,/9 < C_I/aB,

;gNH<_ , (z)
/Pv(MW/m3) (10o/m)

where Pw = PT/V, d = V/(2_r2Ra2o_),V istheplasma volume,PT isthe total
heating power, and e is the inverse aspect ratio. Here, GEs _ 8l_ for C_ = 4.5 t_.
Equation (1) can be viewed as a form of the ;9 limit rewritten to emphasize the
confinement as well as the ;9 aspects of this limit. These are discussed in detail
in Bet'. [13]. The observation that there are quite a number of data points from
these profile modification experiments as well as many from VH-mode experi..
ments [14] with enhanced confmement and high ;91rH values lying close to the
;9 limit suggests that operating close to the ;9 limit may not necessarily lead to
poor plasma performance.

0
0.0 0.7 1.4 2.1 2.8 3.5 4.2

,, ,eO.TdO.SBO.St_ .is o.5_o.x_

F;E.6. Comparisonof;gNH valuesfromcurrentprofilemodificationexperimentsandthose
from the DIII-D beamheateddeuteriumdatabase.
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5. CONCLUSION

The resultsfrom theseexperiments indicatethathig_henergyconfinement
and high/9areobtainablewitha peakedcurrentdensityprofile(highl_),su/_cient
degreeofshaping,and perhapssome requirementforedgecurrentdensity.With
detailedcurrentandheatingprofilecontrolinshapedtokamakdischarges,steady
stateand highperformancetokamak operationmay be possible.
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