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A methodof determining theelectronenergyconfinementtime TE is presentedwhich doesnot requiretheabso-
lute electrontemperaturesanddensities,or their spatialprofiles. A shortheatingpulseis appliedto the plasma;the
subsequentdecayof electrontemperatureyields TE.

The electronenergyconfinement timeTE is an im- found,particularly in tokamaks withnoncircularcross
portantparameter forassessing theeffectivenessof sections[3] or in stellarators[4] in which theplasma
the magneticconfinementof plasmasin tokamakde- quantitieshavecomplicated distributions.Also, the
vices. Thisquantity is defined bythe energybalance assumptionthat dU~/dt 0 is often nota good one,
equation[1] especiallyin smaller tokamakswherethe duration of

thedischargeTD is relatively short.
dU/dt=—U/TE+S(t), (1)e C In this letterwe describea different methodof de-

where terminingTE which doesnot requireknowledgeof
a theabsolutevaluesof 7~and~e andwhich is also

= 2irR f(3/2) fleTe 2nrdr, (2) quiteinsensitiveto the spatialprofiles of thesequanti-
0 ties. A perturbingheatingpulseof short duration

is thetotal electron thermalenergycontainedwithin (‘~T]~)is appliedto theplasma,thuscausingasmall
a torusof minorradiusa and majorradiusR. Te and increase in thekinetic energyof the electrons.

are the(spatially varying)electrontemperatureand After the heatingpulseoneobservesthe temporalde-

density,respectively.The sourcefunction cay of the energyincrementz~.Ll~(t).Similar concepts
S’t~= ~V—LdI/dt~J (3) havebeenusedfor manyyearsin thermalconductiv-

‘ ‘ ‘~ / / ity measurements[5,6] , buthavenot yet beenapplied
representsthe joule heating by the currentI driven to tokamakdischarges.
through theplasma.V is the loopvoltage(the electric Thismethod,like the conventionalone,is basedon
field integratedover2irR) andL is the inductanceof eq. (1). Onecomparesthe equation for twoplasma
the plasmacurrent loop, discharges,one with and onewithout the supplemen-

In conventionalmeasurements[e.g.,2] of TE it is tal heatingpulse,andby subtractingonefrom the
assumedthat theplasmais in near steady state with other, obtainsan equation for theincrement~
d U~/dt dI/dt 0, in whichcaseTE = Ue/VI. This Note thatthis comparisonis madeafter termination
equationis the basisof all determinations ofTE made of thepulse.Moreover,sincethepulseis takento be
hitherto.It maybeseenthat themethodrequiresnot tooweakto changethe transport properties of the
only thevaluesof Te andtie’ butalso a knowledgeof plasma significantly,it follows that 11e’ TE and the
their spatialprofiles.Suchnumbersarenot easily joule heating termS areunaffected by thepresence

or absenceof the pulse.Hence,~ is proportionalto
* This work wassupported bythe UnitedStatesEnergy (~7~)(spatially averagedtemperature)and
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on thevoltage andcurrentcharacteristicsof a typical
6 ~ ) plasma.Largerandsmallerpulsescausesimilareffects,

with changesmainly in theamplitudeof the response.
Fora perturbationanalysis,it is desirableto study the

2 ~ smallest possiblepulsewhich producesa measurable
change.Becauseof our presentcrude temperature

0 I ~ measurements(describedbelow),temperaturechanges
- ~. (b) ~ T~/T~of about10%areneeded.Theheatingpulsein

20 ~“ fig. 1 is the smallestpulse which causeschangesof this
magnitude, and consequently itis used in theanalysis

10 “\ presentedbelow.
The derivationof eq. (4) requiredthat theohmic

0 I I dissipationterm S(t)be unaffected by thepulsedheat-

~ ~ (c) ing perturbation.To verify this fact,we usedeq. (3)100 0 and the data offig. 1 to compute ~1 S0(t) for the case

~f) /1/ without the heatingpulse,andS1 (t) for the casewith
50 s11+t thepulse.Becausethe heatingpulseincreasesthe cur-

rent andbecuasethe finite width of thepulseextends
the duration of theplasma,a relativeshift t’ (=0.85ms)

TIME (ms) of the timescalesof thesetwo curvesis necessarybe-
Fig. 1. (a) Loop voltage,(b) plasmacurrent,and(C) ohmic fore they canbe compared.Fig. 1(c) showsS0(t) and
powerdissipationfor plasmaswithout a heatingpulse(solid 5~(t + t’), andit maybe seenthat theyareidentical to
curves)andwith aheatingpulse(dashedcurves), within ±2% in therange2.6 ~ t ~ 4.8ms. Thesame

time shift t’ is also usedin figs. 1 (a) and(b). For
which for

1’E independentof t, yields the exponential t ~ 2.6ms transient phenomenasuchasskin current
behavior, ~Ue= L~U~exp(—tirE). This, then,is the penetrationinto the plasmabulk (seebelow)arestill
basisof our method offinding TE on the VersatorI incomplete; fort � 5 ms (near the end of thedischarge)
tokamak.It is seen to beindependentof the valuesof the rapid andirregular decayof the dischargemakes
7~andn~or their spatialvariation, aslongasthe heat- ourmeasurements unreliable.But,we believethat in
ingpulsedoesnot alter theshapeof the dischargeor the range2.6 ~ t ~ 4.8 eq. (4)canbe safelyusedin
its transportcharacteristics, the determinationof TE.

VersatorI is a researchtokamak[7] of minor radius To obtain the electrontemperature<7~)we used
14cm andmajor radius54 cm, operating ina toroidal Spitzer’sresistivity formula [8], from which it follows
magneticfield of’~5kG, andgeneratingplasmacur- that (Te) [I/( V—LdI/dt)] 2/3~Neoclassicalcorrections
rents of 30 kA. Poweris suppliedby capacitorbanks. of the formulaare smallfor our discharge[8]. The re-
Thesolid lines of fig. 1 (a) and (b)illustrate typical sults~1 with andwithout the heatingpulseare shown
time historiesof theioopvoltage V(t) andplasmacur- in fig. 2. (The time shiftt’ describedabovehasbeenin-
rent1(t). Thespatiallyaveragedelectrontemperature corporatedin plotting thegraphfor the pulse-heated
<Ta) is approximately120 eV, a valueit reachesabout data.)The difference<~7~)between thetwo curvesis
4 ms afterinitiation of the discharge.The spatially proportionalto L~Ue.The slopeof the curve of
averagedelectron density<Ple) 2 x 1013 cm3.The log(A7) versust shownin the insertoffig. 2 givesanener-
minorradiusof the hotplasmacolumn is ~-‘ 12 cm. gy confinementtime of TE= 0.9ms.This is to becompar-
The plasmais hydrogenwith T~ 50 eV; the effective ed to the valueof TE 0.7ms obtained fromthe con-
Z liesbetween2 and 3.

The heatingpulseof about 1 ms durationis applied ~ To computeS from eq. (3), the inductanceL is needed.
Thevalueused,0.15 ~sH,isthevaluefor aparabolicprofile,to the plasmaby discharginga supplementarycapaci- with adjustmentfor thegeometryof our pickuploop. This

tor bankinto the ohmicheating transformer.The choiceis not critical sincetheLdI/dt term is small compar-

curvesof figs. 1(a) and (b)showtheeffectof thepulse ed to V in thetime periodof interest.
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evenfor waiting timeslessthan r5. Since for

120 ~-...,, tokamaks itis typical [1, 11] that r5�r~andTE can

thewaiting time canbecomeunreasonablylong. We
pointout, however, that theperturbingheatingpulse
canbe generatedin oneof severalother ways that do
not require this longpenetrationtime; for example,80//~ betensof milliseconds,particularly for largertokamaks,
theplasmacanbe irradiatedby a burst of microwaves.

Thirdly, we cometo the determinationof<~Te)
~0

from the electricalresistivity.No error in TE arises

40 .1 from anincorrect constant factor in(T~)orSomeerror doesresult,however,from differencesbe-
tweenperturbedandunperturbedradialprofiles of

0 2 4 6 current densityandelectric field, andfrom variations
TIME (ms) of theseperturbedprofiles with time,especiallydue

Fig. 2. Electrontemperature(Tel from resistivity,for the plas- to skin penetration.Again our analysis [10] shows
masof fig. 1. In the insertthedifference(z~Te)between the that errorsin TE from theseprofile effectsare small.
two curvesis plottedon a logarithmicscale(with thesame In conclusion,we havesuccessfullytesteda direct
time scale).Theabsolutevalueof(Te> shouldbe treatedas an and relatively simplepulse-perturbation technique for
estimatethat maybe in errorby asmuchas20%;however,
this doesnot affect the determinationof

7~E~ determiningtheelectronenergyconfinementtimeTE
of a tokamakdischarge.Improvedaccuracy from

ventionalmethod basedon the equationr~= Ue/VI planned Thomson scatteringmeasurementsshould
applicableundersteady-stateconditions*2, Such give T~towithin 10%.The samemethodshouldyield
quasi-steady-stateconditions exist inour own dis- (~T~)with a similar accuracyof 10—15%. This is the
chargeat t ~3.5 ms. major sourceof error ina pulse perturbationmeasure-

Thetechniquedescribedherehas threepossible ment ofTE. It is unlikely that similaraccuracycanbe
sourcesof error.First is the assumptionthat the heat- achievedin theconventionaltechnique,sincethis re-
ing pulseincreasesT~without changing~ (or other quiresthe determinationof two parameters,11e andT~,
plasmaparameters).This claim is supportedby ob- plus their spatialprofiles.
servationsof the pulse’seffect on the time evolution
of ultraviolet lines [9] ofOIV, OV, and OVI. Com-
parisonof thesemeasurementswith computersolu- References
tions [9] of the rate equations foreachspeciesshows
that, indeed,the major effect of theweakheating [1] L.A. Artsimovich, NucI. Fusion12 (1972) 215.
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to the plasmabulk. In our discharge,calculationsshow correspondingtermfor ion energytransferredto elec-

that the skintime r
5 is 1 ms andonemust therefore tronsis small onohmically heatedmachines.
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