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C.C. PETTY, J.C.M. DE HAAS,t AND C. JANICKI_
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A theoreticalunderstandingof cross-fieldtransportin magnetizedplasmasremains

elusivedespiteenormous effort.In part,thisisdue to the absenceof a diagnosticwhich

measuresdirectlya transportcoefficient,suchasenergydJfKmivity.One obvioustechnique

toobservetransportisto imposea perturbationand observethedynamicresponseofthe

plasma.Modulatedelectroncyclotronheating(ECH) isidealforprobingenergytransport

sinceitcan be well-localizedin spaceand time,and theenergyisdepositedintothether-

mal electronson a time scalemuch shorterthan the characteristictransporttime scales.

Coherentadditionofperiodicperturbationsby Fourieranalysisallowsdetectionofpertur-

bationsdown to the1 eV level.Use ofFouriertechniquesalsolessensthecomputational

difficultiesby reducing,theequationsback toordinarydifferentialequations,assumingthat

the transportcoefficientsarenot functionsoftime.Thissimplificationofthemodel also

leadsto a betterconceptualunderstandingofthecapabilitiesofthetechniquethroughthe

developmentofanalyticsolutionsinlimitingcases.

EQUILIBRIUM AND DYNAMICAL EQUATIONS

The starting point for the transport analysis presented here is a conventional treat-

ment oftheplasma asa collectionoffluids-- electron,main ions,and impurityions.The

observablesaremoments ofthesingleparticlevelocityspacedistributionforeachspecies.

These observablesobey conservationequationsderivedby takingmoments ofthe Boltz-

mann equation.The focusofthispaperistheelectronenergyequation,but an analogous

treatmentofany of themoment equationsispossible.The electronenergyconservation

equationis:

)nT +v. rT+q =Q , {1)

wheren and T aretheelectrondensityand temperaturerespectively.The equationisquite

simpleconceptually;Q isa localsource(orsink,ifnegative)whichmust bebalancedeither

by thelocalchangeinenergy(firstterm)or thetransportofenergy(secondterm).The

quantity_ rT + q istheenergyflux,where _ rT representstheenergycarriedby particle
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flux and q is the heat flux. The transport coefficients are defined by choosing a form for the

heat flux. A quite general form will be used:

q = -nx (r, T, VT) VT + nU (r, T) T + _ (r) , (2)

where X is the diffusivity, U is a convective velocity, and (_is a contribution to the heat flux

which has no temperature dependence. Energy "convection" by some means other than par-

ticle transport sounds contradictory, but standard cross terms such as energy fluxes driven

by density gradients appear in this form. The nomenclature is adopted because of the math-

ematical similarity with true convection without any underlying physical implication about

the transport mechanism.

To obtain an equation which describes the dynamical behavior of an "_nergy perturba-

tion, the simplifying assumption that no density or particle flux perturbation occm_ is made.

This assumption is well-justified for modulated ECH and is consistent with the DIII-D data.

For a perturbation T much smaller than the equilibrium temperature To, a dynamical equa-

tion for T is found by linearizing Eq. (1):

tr2
O--[=DV2T-VVT rq S . (3)

Only the radial derivatives of the temperature are important, but the _ notation is retained

to account for the effects of geometry without obscuring the effects of the various dependences

of the transport. The fight-hand of Eq. (3) has an "effective" diffusivity D, convective velocity

V, and damping time _'. S is the normalized modulated source. These effective transport

coefficients can be related back to the equilibrium transport coefficients de2med in Eq. (2):

2 ( OX VTo) , (4)D= _ X+_-_-_

V= _ U--_ _T, --_ X+8--_-_ VTo

2v (x+ 0x ) r-_ _VTo +-n I

r- nTo +3 n :3 n2
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It is clear now why these quantities which appear in the linearized equation are called "effec-

tive" transport coefficients. They play the role of dilfusivity, convective velocity, or damping

mathematically, but their physical origin may be completely different. For example, even if

V and _ are identically 0, a convective behavior appears in the dynamics of a heat pulse due

to a spatial gradient in either density or dilfusivity.



ANALYTIC SOLUTIONS

A greatdealofphysicalinsightintotheeffectsoftheseeffectivetransportcoefficients

on the dynamicsof theheatpulsecan be gainedby solvingtheequationin slabgeometry

in simplelimitingcases.The simplestpossiblecaseisforV - 1/r - 0 and D constantin

spaceand time.Asslming a periodicperturbationintime whichisspatiallylocalized,the

equationgoverningtheevolutionoftheheatpulseinthesource-freeregionissimply/_#T-

D V_T. The solutionsareT ocek_ where

= + " (5)
k

The signindicatesthedirectioninwhichthepulseismoving.These solutionscan be written

in the form T - A(z)e_(®)where A(z) isthe variationof the amplitudewith position

and _b(e)isthevariationofthephasewithpositionwhich aretheexperimentallymeasured

quantitiesaftera Fouriertransformintime.Noticethatd_/dz = Ira(h)and A'/A = Re(h).

The effectivediff_ivityD canbe determinedfrom eithermeasurementofthephasegradient

or theamplitudescalelength:

Analytic solutions can be obtained for the case of constant V and 1/_'. The solutions
are still of the form T c_ ekffi where now

V

k=_-_±a(co-,®+_m®) , (7)

o 1),_D + -{-1 ,

I 1

®--_ tan-1 [I/(4-_D + _.)] "

The dimensionless quantity an"is an indicator of the importance of damping; if an- --, oo, then

damping is not important. The dimensionless quantity V2/4 wD gives the relative importance

of convection. If V2/4toD --, 0, then convection is not important. It is instructive to ewluate
the purely diffusive model estimators for D:

2//_-) 2 [ I 11 z/2]
Dph-- =D 1. I._T a , (8)

D.m,=_ L_=D _+_ (lq-a2)1/'+ +(l+a 2) .a ,

V 2 1
a_= +-- .

4wD



If V2/4wD _ O, Dph and D,mp behave as shown in Fig. 1. In the case of damping alone,

these estimates of D are independent of the direction of the heat pulse motion. In the case

_r _ oo, this symmetry is broken as shown m Fig. 2. The -{- sign in Damp in Eq. (8) is

for a pulse moving in the direction opposite to the convective velocity. Therefore, the ideal

experiment is an off-axis perturbation where both the amplitude and phase information are

available for pulses moving both directions.

The intuition gained by this analytical analysis can be shown to carry over to realistic

geometries as long as the modulation source is localized and well away from the boundaries

and to cases where the coefficients are functions of space. While these simple estimators of D

[Eq. (6)] are not in general valuable to evaluate D, they are clearly useYul to determine from

the Fourier transformed data the character of the equation, i.e., whether convective-like or

damping-like terms are important. This analysis clearly shows that there are many reasons

why a diffusivity determined from purely diffusive perturbation analysis should be signifi-

cantly differentfroma power balancediffusivity.Itisexactlythisdifferencewhichmakes the

perturbativetechniquesa powerfultoolforprobingtransportwhen properlyapplied.

EXPERIMENTAL RESULTS

The results of the previous section will be applied to two sets of ECH modulation data

from the DIII-D tokamak -- a "standard" NBI-heated L-mode discharge and an off-axis ECH

discharge where the electron flux is approximately zero at radii smaller than the resonance ra-

dius. The DIH-D ECH system has been described in detail elsewhere} All that is important

here is that the beam pattern provides a well-localized source (Ap < 0.1) and the single-pass

absorption is greater than 80%. The heat pulses are detected by two soft x-ray (SXR) arrays;

one images a full horizontal view of the plasma with 32 diodes and the other images a nearly

vertical view of the plasma from the outer to the inner edge with 16 diodes. An inversion

technique is applied to both the equilibrium and the co- and quadrature-spectra of the Fourier

harmonics to provide a local perturbation amplitude and phase. These quantities are then
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projected back onto magnetic flux surfaces. While the SXB. intensity is dominated by changes

in temperature, it is also a function of density. A local density measurement with sufficient

time resolution to Fourier analyze is not available on DIII-D, but analysis of line-integrated

density measurements detect no density perturbation. 2 Therefore, the modulation in the SXl_

intensity is assumed to be proportional to T.

The phase trajectories of the heat pulse at the fundamental frequency and sixth hm'-

monic in a "standard" L-mode NBI-heated discharge are shown in Fig. 3. Notice that the

phase gradient dC/dp scales linearly with _; therefore, Dph scales like 1/w. This is borne out

by a series of similar discharges where the modulation frequency is varied from 25 to 80 Hz

(see Fig. 4). This is exactly as predicted by F_xt.(8). In general, the phase data alone cannot

distinguish between V and l/r; however, the known sources of 1/r -- the perturbed sources

and particle convection terms m cannot account for the observed enhancement in Dph. This

constitutes indirect but credible evidence of an effective convection in the linearized equation.
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F;g. 3. Heat pulse phase referenced to the Ef_H signal versus ,o for the fundamental and sixth har-
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Direct evidence of an effective convection is found in the off-axis ECH discharge. In

higher power, higher density discharges of this type, power balance analysis indicates a net

inward energy flux in the electron fluid at radii smaller than the resonance radius, s The

amplitude and phase at the fundamental frequency as a function of p are shown in Fig. 5.

Also shown are the inverted local amplitude and phase. The amplitude scale lengths are

clearly different for the inward- and outward-going pulses and indicate an inward effective

convection. This is in agreement with the power balance which also requires an inward energy

flwx.A term oftheform U o¢1/L, suchasisfoundinneoclassicaltheoryand many drift

wave modelswould satisfythedata.Furtheranalysisalongtheselinesisinprogress.

SUMMARY

A generallinearizationoftheelectronenergybalanceequationshowsthatthetransport

coefficientsinthelinearizedequationarenotequivalenttothoseintheequilibriumequation,

but arerelatedina weU-definedmanner.A simpleanalyticanalysisofthelinearizedequation

shows thatestimatesof thediffusivitynot accountingproperlyforthe effectiveconvection

and damping can be inerrorby ordersofmagnitude.Thisisseenexperimentallyinboth a

"standard"NBI-heatedL-mode dischargeand an off-axisECH discharge.Both casesindicate

thepresenceofa significanteffectiveconvectioninthelinearizedequation.In thecaseofthe

off-axisECH, thiscorroboratesthepower balanceanalysis,whichrequiresan inwardenergy

flowtosupporttheobservedgradients.
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