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Anomalous ion heating from ambipolar-constrained magnetic
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A kinetic theory for the anomalous heating of ions from energy stored in magnetic turbulence is
presented. Imposing self-consistency through the constitutive relations between particle
distributions and fields, a turbulent Kirchhoff's Law is derived that expresses a direct connection
between rates of ion heating and electron thermal transport. This connection arises from the
kinematics of electron motion along turbulent fields, which results in granular structures in the
electron distribution. The drag exerted on these structures through emission into collective modes
mediates an effective ambipolar constraint on transport. Resonant damping of the collective modes
by ions produces the heating. In collisionless plasmas the rate of ion damping controls the rate of
emission, and hence the ambipolar-constrained electron heat flux. The heating rate is calculated for
both a resonant and nonresonant magnetic fluctuation spectrum and compared with observations.
The theoretical heating rate is sufficient to account for the observed twofold rise in ion temperature
during sawtooth events in experimental discharges. 21 American Institute of Physics.
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I. INTRODUCTION bulence. It thus seems plausible that anomalous ion heating
is a natural by-product of magnetic turbulence.

Anomalous ion heating is a feature of many laboratory  Despite its importance in experiments, theoretical work
plasma experiments with high levels of magnetic fluctua-on anomalous ion heating has been limited. lon cyclotron
tions. The reversed field pinctRFP,'~% spheromak, and  resonance dampifigind ion viscous dampin§** have been
the magnetic reconnection experimdMRX) (Ref. 5 all invoked for ion heating in the RFP. Within the viscous heat-
exhibit an anomalously high ion temperature. In these casesg scenario it has also been argti¢iat the same fluctua-
the temperature cannot be explained by the standard Ohmimns that heat the ions lower the electron temperature
heating process in which ions are heated by collisions wittthrough an enhancement of the electron energy flux. How-
electrons. In the Madison Symmetric Tor(gST),°® the  ever, for viscous dissipation to be effective, a cascade to
average core ion temperature during both the initial temperasmall scales seems likely. In a cascade of magnetic turbu-
ture rise and the subsequent flat top is inconsistent with théence, electrons are also heated through Landau resonances,
collisional equilibration process. For example, in recent meaand the rates of electron and ion heating are comparable.
surements the ion temperature is equal to the electron ten§lich a case it is not clear how a rise in ion temperature might
perature between sawtooth events, even though the heatingl§ connected to a drop in electron temperature. lon heating
Ohmic® During sawtooth events the intensity of a back-nas also been considered in the two-fluid theory that resolves
ground of magnetohydrodynamic dynamo fluctuations union —and ‘Z'eCUO” structures  in  forced ~magnetic
dergoes a significant enhancement. Simultaneously, the igigconnectiort? In that theory, the heating of ions occurs
temperature increases by as much as 100%, while the elefrough a dc electric field, and is therefore quite different
tron temperature dropsee Fig. 10 in Ref.)7 The ion tem- from the_mamfestly turbulent process co_nsm_lered herein.
perature increase indicates a correlation between ion heatin In this paper we show that ion heating is a natural by-

and magnetic fluctuation level. The decrease of electron tenf oduct of magnetic turbulence through a constraint associ-

perature is noteworthy. Because it falls below the ion tem-ated with Ampee’s Law and quasineutrality that allows ions

. . to slow electron loss rates. This leads to a turbulent Kirch-
perature it can only be explained by an enhanced electron _, : : .
ff's Law expressing a direct connection between anoma-

energy loss, or a transient decrease in the Ohmic heating Bus electron transport, which removes energy from elec-
electrons. The latter is ruled out by the increase in loop volt; '

_ : plasma dielectri¢? The role of turbulent granularity in mag-
the RFP in many ways, yet share in common the presence fuic fluctuation-induced electron transport has been docu-
anomalous ion heating and significant levels of magnetic turpented in a series of papers examining successively higher
transport moment¥~1® For the particle and field-aligned
dElectronic mail: rgatto@facstaff.wisc.edu momentum fluxes, it was found that the transport from mag-

1070-664X/2001/8(3)/825/11/$18.00 825 © 2001 American Institute of Physics

Downloaded 09 Feb 2007 to 128.104.165.60. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



826 Phys. Plasmas, Vol. 8, No. 3, March 2001 R. Gatto and P. W. Terry

netic turbulence nearly vanishes relative to the electrostatigetic vector potentialA (k) all proportional to expk-x).
fluxes and the flux of the non self-consistent quasilineahis coherent relationship implies that the normal mode
approximation:**> The residual transport is smaller than the component of the distribution®(k) (where the superscrigt
quasilinear or electrostatic fluxe§ by the ratio of ion to elecsignifies coherentcan be written in terms of dielectric sus-
tron current contributions in Ampe’s Law, and therefore ceptibilitiesR,, andR, as

resembles an ambipolar-constrained transport flux. However,

it is not the convenlt)ional constraint of an gmbipolar electric h®(k)=Ry(k) (k) + Ra(k)Ay(k). @)
field, because it arises from an electromagnetic dielectric reBecause the clump is not captured in the normal mode re-

sponse to granular structure. This paper does not deal wit§ponse its contributioh(k) at wave numbek is incoherent,
conventional ambipolarity, hence this effective ambipolarj e it is not proportional to either potential at the wave num-
constraint of the dielectric response to granular structure willo 1. \when the full distributiorh®(k) + (k) is substituted
hereafter be referred to as simply an ambipolar constraint. It the quasineutrality condition or Amms Law, the
prior calculations it was also found that for electron thermal,,mal-mode component can be collected into dielectric ten-
transport, the flux of perpendicular energy breaks intOg, glements. The clump component is incoherent and can-

ambipolar- and nonambipolar-constrained componghts. ¢ g 4 simple illustration, consider Poisson’s equation for

The former dominates when the magnetic fluctuations reg, ey electrostatic fluctuations having coherent responses in

sponsible for transport are resonant at distant rational sutt,» electrons and ions and an incoherent component in the
faces. This is the situation in the MST edge, where the fluc;

. - electron distribution,
tuations driving electron thermal transport are the core-
resonant unstable tearing modes. The measured flux reflects
an ambipolar constraint because it can be expressed as a
Relchist_er—ll?osenfbtlrl:th (ljlff':[JSIVIttyH but :Nlthl thi%/'lrohn tfk|1ermal.|.he coherent densitiesf(k)=Ri¢¢(k), hé(k) =R p(K)
velocily In place of the electron thermal VEIoCHy.Ine fiuX = o e  collected into  a  dielectric ke (k) =k?
is also convective, despite a robust temperature gradient. 3 b _peY vialdi
. i . 4mefd v (Ry—R}y), yielding

Near the rational surfaces of transport-causing fluctuations,
located in the core region in the MST, the nonambipolar-

constrained component dominates. The flux is larger than

that of remote locales by the ratio of electron to ion therrnal'I'his expression is clearly analogous to the shielding of a test

velocities. Subsequent to the predictions of Ref. 16, core ) 3 =
transport in MST was inferred through profile measurementSn@rge, where the incoherent charge dertgigt"vh appears

and power balance analysis. The thermal diffusivity in-I" Place of the test charge densilsd(x).
creases by a factor of 40 in going from the edge to the tore. The shlgld|ng phygcs con'stralns tranqurt because the
The rise in diffusivity occurs near the reversal surface, théuasineutrality - condition [Poisson’s  equation  for k

1_y—1 GupN
region that separates the transport-causing core fluctuations(Pebyelength) ==y 7] and Ampee’s Law are the con-
from smaller scale edge turbulence. stitutive relations required to close the drift-kinetic descrip-

We extend here the prior calculations of ambipolar contion and make it self-consistent. Electron transport moments

straints in magnetic fluctuation-induced transfbifto cal- ~ Necessarily involve the incoherent distribution, i@)e(v))
culate the heating of ions intrinsic to these constraints. Al-=Jd*0Ue(V)he=[d% U(v)(h¢+he), whereU(v) is any
though the origin of these constraints and the underlyingunction of velocity. The description is only complete when
physics that introduces them has been detailed in théhe fields that forcéni+h, are determined self-consistently
literature?®*8-22 e present here a brief introduction. The from the constitutive relations. Imposing an expression like
granular or clumpy component of the distribution function Eq. (2) constrains the transport in two crucial ways. First it
arises simply from the inhomogeneity of turbulent mixing. introduces ion physics in an electron transport moment
Particles that are barely separated experience nearly the saitigough e(k), yielding ambipolar constrained flux compo-
scattering force, and hence remain correlated longer thanents. Second, becausgk) containsh, it modifies the role
those with large separation. In magnetic turbulence this iplayed byh¢ in transport from that predicted by quasilinear
closely related to the magnetic field topology, with neighbor-theory, or any other non self-consistent description of trans-
ing field lines remaining bundled for a greater distance alongport. In the self-consistent magnetic fluctuation-induced
the field line, than field lines that are far apart. This inhomo-transport of particles, field-aligned momentum, and parallel
geneity of turbulent mixing is lost if the distributions and energy, hg cancels out altogether, leaving only the
fields are treated solely as normal modes, because the nornahbipolar-constrained components. These cancellations and
mode ansatz makes the mixing rate identical for allthe appearance of ion dynamics reflect the energy and mo-
separations® Therefore, the clumpy part of the distribution, mentum constraints in wave—particle interaction physics in-
which arises in a complete description from the weak relativerinsic to the system of the drift-kinetic and Maxwell’'s equa-
scattering at short separation, is distinct from the normations.

mode component. By definition, a normal mode entails a  The interaction of clumps with the shielding dielectric is
coherent relationship between the distribution function andn fact a finite-amplitude analog to discreteness effects in a
the potentials, with the distribution functidm(k), electro- nonturbulent plasma with finite plasma paramétein the
static potentiakp(k), and the parallel component of the mag- latter case, moving discrete particlesales<\p) drag the

K2 (k)= 4mre f AR (k) — hS(k) (k) .

k?e(k) p(k)= —4wef d3vhe(k). 2
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dielectric cloud(scales>\p), inducing emission into the ond. This heuristic modeling exercise leads to ion and elec-
dielectric at its zeros or collective resonances, whatever thefyon temperature transients that are qualitatively like those of
may be. The rate of emission is equal to the dielectric abexperiment. The ion temperature rises by 100% and the elec-
sorption rate, as expressed by Kirchhoff's Law. Transport igron temperature drops below the ion temperature. After the
described by the Lenard—Balescu equation, and relaxatiosawtooth events the signals return to their pre-sawtooth val-
rates, which require dissipation, are proportional to the abues. The decay rate of the ion temperature to its pre-sawtooth
sorption rate. For transport moments that do not relax underalue is considerably slower in the model than in experiment
like-particle collisions onlye.g., the particle flux the emis- because the confinement time inferred from the simple
sion rate, which controls relaxation, can only be proportionabkteady state balance is larger than the experimental value.
to absorption by the other, unlike-particle species. An analoThe modeling exercise is crude but significant because it
gous process occurs for clumps. The above set of statemergbows that the anomalous ion heating rate of the turbulent
describing discreteness physics holds for clumps, if theKirchhoff's Law is sufficient to account for the net ion tem-
words “discrete particles” are replaced by “clumps,” perature rise and the dip in electron temperature. It is too
“Np” by “turbulent correlation length,” “Kirchhoffs  crude to offer accurate modeling of relaxation rates.
Law” by “turbulent Kirchhoff's Law,” and ‘“Lenard— This paper is organized as follows. In Sec. Il we intro-
Balescu equation” by “turbulent kinetic equation.” duce the general theoretical ideas behind our calculation.
lon heating, the subject of this paper, originates in theThis includes the basic kinetic equations on which the theory
above process as the energy absorbed by the ions from emis-based and the self-consistency constraints which govern
sion by the clump component of the electron distribution. lonthe kinematics and energetics of the electron and ion distri-
heating is generic in the sense that the process is not specifitition functions. In Sec. Il we detail the calculation of the
to any particular type of mode or ion absorption mechanismanomalous flux of electron parallel energy due to magnetic
We will also keep the calculation fairly generic by stipulat- turbulence, and present the energy balance that ties this flux
ing that there is an unstable collective resonance in the tuito ion heating. An explicit expression for the latter is pre-
bulent spectrum, i.e., an instability that drives the turbulencesented for the cases of resonant and nonresonant magnetic
but not specifying its details. We therefore calculate the elecfluctuation spectra. In Sec. IV, we address the flux of the
tron heat flux and the ion heating rate associated with somperpendicular component of electron energy, and construct
specified level of turbulence consistent with some instabilitythe simple zero-dimensional transport model. Representative
and its saturation. To compare with experiment, we can ustemperature time histories are presented for the sawtooth
measured fluctuation levels, but must determine if approxifodeling exercise. A conclusion section ends the paper.
mations made in the calculation are compatible with the ex-
perimental conditions. For the simple expressions used ifi. THEORETICAL FRAMEWORK
this calculation(the forms are given in the next sectjahe
collective mode of the dielectric into which the granular fluc-

tuations emit is a drift-Alfva mode. For the ion absorption DKE is obtained by averaging the Viasov equation over the

rate, a variety of dissipation mechanisms could be invoked,” . I .
but we will use Landau damping as the one that seems mo'l"'f‘pIdIy oscillating component of motion under the assump-
aon that all terms in the equation are of ordér p/L<1

consistent with conditions attendant to the absorption of par- . . . .
allel energy in the MST. compared to gyromotiony(is the particle’s gyroradius arid

These calculations yield an ion heating rate that is suffi'> @ scale !ength characterizing the plasnfes usual in low-
magnetic turbulence, we assurkg/k, <1. In the Cou-

cient to explain the observed ion temperature rise in the MS omb’s gauge V-A=0), this implies that the perpendicular

core during sawtooth events. The temperature evolution is ; -
obtained from the heating rate using a simple zeroJCMPONeNts of the magnetic potentja, | = (kj /k,)Ay, can

dimensional transport model. The model incorporates th be neglected. Choosing as velocity variables the parallel ve-

anomalous ion heating rate from the ambipolar—constraine‘(?lomy vy, the magnetic momenk =mu, /(2B), and the

flux of parallel electron energy, and the electron heat Iosg_yrophasep (where]| and. refer to the parallel and perpen-

rate from the nonambipolar-constrained flux of perpendicula?jICUIar directions of the unperturbed magnetic fielthd ne-

energy.(As explained above, a spectrum of locally resonamglectlng effects due to equilibrium magnetic field inhomoge-

) . . . neity and curvature, the DKE for the electron species is
magnetic fluctuations yields a transport of perpendicular en- iven by

ergy that is dominated by the nonambipolar-constraineé]I

componen). We use the model to predict the electron and  4f, e  Oe f

ion temperature transients associated with sawtooth events in - — + (v b+ Vexs) - ox Tm. B =0. (©)
the MST. Prior to the sawtooth, Ohmic heating and anoma- ¢ ”
lous transport in the electrons are balanced to yield a statiorHere f, is the gyroaveraged electron distribution function,
ary electron temperature. A similar balance betweerb=B,,/B is the unit vector in the direction of the magnetic
electron-ion collisional equilibration, anomalous ion heating,field, vg«g=(c/Bp)EXby is the EXB drift velocity, and
and ion transport losses yields a stationary ion temperaturel,= —e. In the case under consideration the electric field has
The sawtooth event is imposed in the model as a transiernly a perturbed componeri, while the magnetic field has
rise in magnetic fluctuation level and a subsequent return tboth equilibrium 8y) and perturbedB) parts. The latter is
the original level over a time scale of the order of a millisec-related to the vector potential =V A;Xb,. Thenb=b,

The basis for the heating and transport calculations de-
scribed in this paper is the drift-kinetic equati@KE). The
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+b, with b=VAXb,/By, and the electric field has both
electrostatic and magnetic componenis —V ¢—(1/c)
X(dAldt). The streaming term contains a magnetic flutter
operator,v”E-V, and theE X B drift has a magnetic compo-

nent — (1/Bg) (9A/dt) Xby. Since the fieldsp and A; are Ly
also assumed to vary slow(in space and timewith respect
to the space-time scales associated with the motion of gyr

tion, the gyroaveraged electron distribution functigncan
be divided into an averaged pdit,) and a perturbed part
= ged part,) P P locity space nonlinearities, which play a negligible role in

defined asafesb:‘e—<fe>. Theh.a\éeragmg opera;a(r-t-t-') 'S the dynamics under consideration. The right-hand side is a
Now an ensemble average which removes any fast ime-Spagg, .o term due to inhomogeneities in the equilibrium distri-
variation associated with the perturbing fields. The average ution function. This term is responsible for transport. On

part can in turn be decomposed. into an _equ_ilibrium piecethe left-hand side, the perturbing fields and A| produce
ipprj’x”‘;,";‘vti'y a _'027' 2 M[ax;]/velI|an=d|23_|t_r|k/3ut|olr)‘2i,,M(v)d nonlinearities which advect the perturbed distribution func-
=No/(m . e)eXp(—v"/ve) [w ere.ve—( e me). » @8 tion. Electrostatic fluctuations give rise to the only retained
a slowly time-dependent part which describes its EVOIUt'Orberpendicular drift, thé X B velocity. The flutter term, as-
on a transport time scale. Using this decompositionffan  gociated with the fluctuating magnetic potential, introduces

Eq. (3), ensemble averaging, and taking the energy momentne pallistic streaming of particles along the perturbed mag-
we arrive at the following energy balance describing the timg,gtic field.

FIG. 1. Schematic representation of the propagation and decay of a clump in
%‘teady—state magnetic turbulence.

evolution of the kinetic energy associated witi): As described in the Introduction, the nonadiabatic elec-
P mw? _ tron distribution function can be broken into a coherérf) (
Ef d3v ; (fe)=He—V-Qe. (4 and an incoherent componerit],

—_hC.ih
The first term on the right-hand side is the electron Joule he=hetNe. @
heating, while an explicit form for the energy flux present in The coherent component supports a normal mode response

the remaining term is and can therefore be written as
me(v2+vf) ¢ v — hé(k,w:;v)=RE(K,w:V)d(k,0)+ RS (K, w;V)AI(Kk,0),
Qe=f L ; i B—<boxv<¢— €A>5fe>v o )=Ry( ) (K, )+ R4( JA( )(8)
0

5 where R% andRj are the electron contributions to the sus-

where we have written the total energy in terms of parallelceptibilities introduced in Eq(1). These functions are ob-
and perpendicular components and note that the flux of erf@ined from the solution of Eq(6). In the absence of the
ergy can similarly be broken into components representingionlinear terms, whose convolutions in Fourier space pro-
the flux of parallel and perpendicular energy. In this expresduce driving ofhg(k) by potentials at wave numbers other
sion for the flux, the perturbed distribution functidii, can thank, the solution of Eq(6) is obviously coherent, with

be replaced by its nonadiabatic pant=45f.+Qqe/T ¢ e e w—wI’e e Yl e

—(v)/c)A], since the adiabatic contributiofthe second ¢_-|-_e eMw_—k”vH' RA__ERqS' ©)
term in the definition oh,) does not produce transport. The

equation forh, is derived from Eq(3). We obtain Under standard renormalized treatments of the nonlinearities,

the solution of Eq(6) remains coherent, yielding responses

he(X,v,1) b c b VA Xbgy h with a broadened propagator. In weak to moderate turbu-
Jt *{vgbo~ B_0V¢ ot B, *Vhe lence this broadening can be neglected. The nonlinear driv-
_ ing of hg(k) by the Fourier potential amplitudes at other
_E 'q_ef T _ HA wave numbers, which produces the incoherent distribution
= T e,M(w w*,e) ¢ C I ~ . . .
ko le K. he(k), is only recovered in renormalized treatments of the
wexp(—ik-x-+iot), ©) two-point correlationhg(X1,Vy,t)he(X2,V5,t)). In that type

of calculation, which is not repeated here, the vanishing of
where relative scattering at small separations in phase space (
—X,)—0, (v1—V5)—0, and the short range correlation, or

ol =, J1+7 U_z_ § clump, it produces is identified directly witi.(k).
xoe e o2 2] A simplified picture of the propagation and decay of
localized incoherent fluctuations in a region of steady-state
o = cTe (kb -r)i perturbed magnetic field lines is presented in Fig. 1. A group
*€ geBo oL, of perturbed magnetic field lines locally bunched together

e

_ _ . . spatially decorrelatgi.e., separate from one anothdoy
are the diamagnetic frequenciek, "=n, “dne/dr, Lt~  spreading radially a distanceR (decorrelation lengthfor a
ETglﬁTe/ar, neELne/LTe, and we have dropped the ve- longitudinal displacemenZ=L. A group of electrons
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which are initially approximately at the sardeocation, are  whereJ; is supplied by the appropriate moment of the nona-
separated by a distance less th®R (within the encircled diabatic ion distribution. As with the electron distribution,
region to the left of the pictujeand have equal velocities, the nonadiabatic ion distribution contains a normal mode, or
ballistically propagate along the field lines. During the coherent, part. For magnetic turbulence it is readily apparent
streaming, the electrons at the edge of the region decorrelatbat the incoherent ion component is negligible. As ex-
faster from an electron in the center than do electrons in aplained, the incoherent part results from streaming-particle
interior region close by the central electron. Consequentlymotion along the field, hencl; is smaller thanh, by

electrons within a radial correlation length form a clump that(m,/m,)2. The ion distribution can therefore be written as
decays as the electrons stream along the faddndicated by

the smaller encircled region to the righln the more general hi (K, ;v) =Rl (K,@:v) d(K, )+ Ri(k, 0:V) Ay(K, ©)

. . I ’ l ¢ ) ’ ’ A 1 ’ ” ’ .
context of time-dependent magnetic turbulence, the clump (12)
lifetime depends on the Lyapunov time, i.e., the time that

two neighboring field lines will remain correlatediffuse  For weak to moderate turbulence under MST-like conditions,
togethej, as well as on the relative streaming velocities ofyhere the fluctuation frequency is low, the dissipative part of
the individual electrons. Moreover, there are self-consistencyhe jon susceptibilities is governed by the ion Landau damp-
effects: when electrons follow a magnetic field line thating. For strong turbulence the resonances are broadened and
changes direction, the change in electron momentum acign Compton scattering comes into play.

back on the field line through the constitutive relations,  The shielding plasma potentials(k,») and Aj(k,w)

Changing the field configuration. The proper accounting Ofare governed by quasineutrality and A’n’@e Law, which,
these self-consistency effects lies at the heart of this papej our framework, can be succinctly written as

As electron clumps move through the plasma, they drag the
shielding cloud, and are forced by conservation constraints to

emit into the dielectric. The dielectric absorbs this emissio d‘;id,(k,w) dfﬁk(k,w) q’)(k,w)] —amen(k,o)
at a collective resonance. ei ei = 4.,
das(k, daack, Ak, w _ T

The ions can also be described by a DKE similar to Eq. ag(kio) dan(k0) () C Ik, @)
(6). Of particular importance is the evolution equation for the (19
mean kinetic energy,

J mp? In the above,n=fd%h(v) andJj=efd3vh(v) are the

2 g — (N = N—V-O ' v [ vy

atf dv—— () =&y =V-Qi, (10 density and current density sources associated with the

which contains the ion heating term. For fluctuations that aréﬂump population. By definition of incoherent fluctuations

predominantly magnetic, the ion heating term is given by LN(K,@:V)*¢(k’,0"),Aj(k’,@")] these fluctuations cannot
be included in the elements of the dispersion tensor, i.e., in
1/0A the left-hand side of Eq13). The elements of the dispersion
Hi=(Edip=— _<a_t”‘]i>’ D tensor are gi e P
given by

A%, (k) (k) RS(K, @,v) =Ry (K, ®,v) Ra(k,®,v) —Ru(K,®,V)

a5y (ko) dZu(k,w) [Z4me | %) vy
C

e i Ul me i : (14
[RS(K,@,v) =Ry (k,0,v)] E[RA(k,w,v)— Ri(k,,V)]

Inverting Eq. (13) we obtain the following self-consistent In these expressions, the coherent shielding response mani-

expressions for the potentials: fests itself through the dispersion elemefid), while the
shielded incoherent fluctuations are represented by the clump
. . L .o~ . .
AH(k,w)z—47-rL*1~e'(k,w) dj)'(l,(k,w)—\]“(k,w) densnyn qnd current density) . Later on, b){ using t.hese
c potentials in the electron heat flux and the ion heating rate

expressions we will ensure self-consistency. The plasma di-
, (15 electric response is described by the elements of the disper-
sion tensor,

—dgy(k,w)en(k,w)

(K, w)=—47L "€k, 0)| dS)(k,w)en(k, )

So(k,w)  da(k,0)

: 1~ ei _ . .
— (k@) Jy(kw) |. (16 Loko)=def 43l (ko) diu(ko) |- @
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Collective modes correspond to zeros of the dielectric, eacHl. RADIAL FLUX OF PARALLEL ELECTRON KINETIC
with a dispersion relation w=w(k) obtained from ENERGY AND ION HEATING RATE

L®(k,0)=0. In this section we will calculate the radial flux of elec-

In the remainder of this paper we calculate the anomayon parallel energy and the associated ion heating rate. To
lous electron energy transport and associated ion heating agerive a self-consistent expression for the flux of parallel
suming fluctuations that are predominantly magnetic. Wesjectron energy in the presence of incoherent fluctuations, we
will assume limited spectrum linewidth broadening, andfirst assume steady-state, homogeneous turbulence and per-
hence neglect nonlinear broadening contributions to the elegyrm a space—time average on the Fourier transformed ex-
tron and ion propagator8® andR'. In this approximation, pression of Eq(5). Then, dividing the nonadiabatic electron

c

the propagators are given by distribution h, into its coherent and incoherent pafq.
q w—o" v (7)], we express the radial component of the parallel electron
j)=_|_—s SMw—k*u’S’ RS=— —HRZ (18)  energy flux in terms of the Lenard—Balescu turbulent colli-
s B

sion integratt*?
[s=e(s=i) referring to electrongions)]. As a consequence M2
the only nonlinear effect in the calculation follows from the @l :mj d%ﬂ >
. . . . . . e

inclusion of the incoherent part of the electron distribution, 2

h.. Moreover, the electron linear response will be approxi-
mated by its resonant part, consistent with collisionless dy-
namics. These assumptions lead to cancellations in the elesthere we have adopted the notatiqaa), ,=(a(—k,

tron parallel energy flux, leaving only the drag term —w)a(k,w)), and where the terms proportional to the elec-
associated with the shielding of the incoherent fluctuatiortrostatic responses have been omitted as noted above. This
from the ion contribution to the dielectric. Because of this,expression describes the radial loss of parallel heat associ-
the electron parallel energy flux will be proportional to the ated with electron streaming along the perturbed magnetic
ion heating. If there is a principal part of the linear responsdield. The first term inside the square brackets is the quasi-
from collisions and/or a significant nonlinear broadeninglinear diffusion contribution, while the second term, arising
contribution, the electron parallel energy flux retains a quafrom the incoherent part of the distribution, is a drag-like
silinear electron—electron term and an electron—electroterm which represents the shielding of clumps by the plasma
drag-like term, and the simple proportionality with the ion dielectric and the consequent emission process into collec-
heating is lost. With regard to the ion response, the lineative modes. This shielding and drag process enters(Edj.
approximation is for simplicity. Resonance broadening conwhen the calculation is made self-consistent by relating the
tributions in the ions have no effect on the cancellation justmagnetic potential present in the two correlations to the
mentioned and do not change the results qualitatively. charge distribution through Amp&s Law and quasineutral-

In the remaining sections, for simplicity, we will display ity. Introducing Eq.(15) into Eq.(19) and making use of the
only the results of the heat flux and ion heating associatedefinitions of d3, and dj, [Eq. (14)] and of the identity
with the magnetic potentiah . However, the calculations (1/L*)* =L®/|L®|? [whereL®' is defined in Eq(17), and
are carried out retaining the full electromagnetic response, abe superscript indicates complex conjugatiGnwe obtain
needed in order to properly impose self-consistency. the following expression for the parallel electron heat flux:

ic KXb v
& Bo( o'l) C

X[RA(K, ;0 ) (AA KT (AP W], (19

il

. 2 ’
1C ' e Mg v ’ f e~
Qu=R2) g (kXbyr)|4mLe 2 f d% f ¢’ (—C di‘rdi'qs){Ri(v)[ 96 RV Do

—ecds (Nhe(v))i o] = RA(V)I[AS (Fhe(W))k , — ec il (NRe(V))k o]+ Ra(VIL A5 (3/Re(V))k

—ecdls (Me(V)) o1} (20)

The first two contributions inside the curly brackets are pro-with its resonant linear parR >« 8(w — Kjv). Moreover, the
portional toR and represent quasilinear diffusion, a processncoherent fluctuations propagate ballistically at the phase
involving only electrons, and the drag exerted on electrornvelocity u=w/k; . This property can be demonstrated by a
clumps by the electron component of the shielding dielectricsolution of the two-point equation which governs the dynam-
respectively. The last term, proportionallﬁf&, comes from ics of the correlation of incoherent density, current density
the drag exerted on electron clumps by the ion component aind the incoherent distribution functioh?>?6In terms of

the dielectric. These drag terms are called the electronthe Fourier transformed correlation, the two-time, two-point
electron and electron—ion drag, respectively. As discussed icorrelation can be written in terms of a one-time, two-point
Sec. I, we approximate the electron response in @64) correlation multiplied by a ballistic operator,
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<Rﬁe>k w=2775(w—kHv||)<ere>k, width that encompasses the core resonant tearing mades (
’ 5 o =1,n=6-8), and a frequency on the order of the diamag-

where the quantitK is eithern or Jj. Because of th&(w  netic frequency, the paramet&u is small in the core of the
—kjv)) factor in both the two-point correlation and the elec- MST. Expanding to zero order in this quantity we obtain
tron coherent response, the quasilinear diffusion and the 5
_electron—elec_tron drgg cancel each othe_r, and the dlss_lpatlve D= 2 DM(E) (1_ ﬁ) (23
ion—electron interaction of the electron—ion drag remains as K o Ve Wi
the only parallel energy transport mechanism. This is the

2
cancellation ot alluded to in the Introduction. Expressing D= 2 ED (ﬂ (24)
s ; P ST T 2 "My
the remaining correlations of eitharor J; with h, in terms ko e
of A, again using Eqs(15) and(16), we obtain In the nonresonant case, we assume a peaked spectrum

that is shifted offk;=0 by an amounk,>0. The latter case
. represents the spectrum typical of the edge region of the
1) MST, having no power in the locally resonant modes for
which k=0 and being dominated by modes resonant at re-

The flux of parallel electron energy is ambipolar, regardlessnote rational surfaces. In this case, the transport coefficients
of the nature of the fluctuation spectrum or ion responsegre given by (o= )

Anticipating here a result presented in the following section, ) .
the intrinsic ambipolarity of the electron parallel energy flux D= E D (ﬂ) (1_ i) ﬁ(@)
will not be found in the perpendicular energy flux. In the " K Mive o) Ko\ v
latter, which is given by Eq(20) but with mevﬁlz replaced )
by mev?/2, the quasilinear conductive flux survives the can- X ex — (Uo/vi)7] (29)
cellation of drag and diffusion. There are thus nonambipolargng
constrained and ambipolar-constrained components. Which
dominate depends on the form of the magnetic fluctuation v; 2Ak” T u% 1
spectrumt® Dr= 2, m(_ 2 2

We now consider the velocity integral over the ion re- '
sponse and the spectral sums present in(E). Again fol- xexf — (Ug/vi)?]. (26)
lowing the discussion of Sec. Il, we will perform the integra-
tion using an adiabatic ion approximation, i.€R,(w
—k”vH)_l. After the integration is performed, the flux of
parallel electron energy can be cast as

meu3 i
af‘%:mik% (kxbo.r) 2B, <A||A|>k,w{f d3vRA(k,w;v)

Ml —
SR Ue Uj

These expressions have been simplified with an expansion to
lowest order in the parametedk/2)/ko, which is small in
virtue of the narrow width of the spectrum.
We now consider the heating terthl) for the ions. As
alz—u(D s —)n - (22 we h'ave found, the electron pgrallel energy quxi E2D),
e oL, Ly oe consists only of the electron—ion drag term, which comes
' ' from the incoherent part of the distribution function. Physi-
with transport coefficient®, and Dy that still include the&k  cally this term reflects the shielding of the incoherent fluc-
summation. To perform the latter, we first note that becausgations by the plasma dielectric and the consequent emis-
magnetic fluctuation-induced transport is produced by parsjon into the plasma normal mode. The damping of these
ticles streaming along turbulent fields, the flux is critically modes on the ions produces anomalous ion heating. Fourier
sensitive to spectral variations k). Based on the previous transforming Eq(11) we obtain
discussion on the observed features of the fluctuation spec-
trum in MSTX® we have obtained explicit expressions for the H=—-niS k E(A 3
transport coefficients in Eq22) for the two distinct cases of ' & eV ke
a resonant and nonresonant spectrum of williy. In the
first case, the spectrum is peaked ablqut 0, as it is in the
core of MST. The transport coefficients are given by

where we assume steady-state, homogeneous turbulence.
The ion current can be related to the electron response using
Ampee’s Law,

D,=> D v @) g4 A Aulv)? ck?
n_ki "o M Ve Wy Ui2 EXH: (Au vi) ]’ J”’i:J’ d3vev||[5fgd+ RiA\\]+J dSUEUHhe-I- EAH s
v;\23 Au? 2 Au? where again the electrostatic contribution has been omitted.
D=2 Du|—| 5 TSty o Introducing this expression in the ion heating expression
k| o ve) 2 U; 3 v . : . . d
: : (disregarding the adiabatic paff3® and the term propor-
x exd — (Aulv)?]. tional tok? since they will give no contributionwe obtain
Here we have simplified the notation by introducing the — _ ) ufl o .
magnetic diffusivityD = (/#/Ak))(B/Bo)?, and by defin- Hi:%'% Kig f d*vev|[Ra(k, ;0 )(AJAD o
ing the quantityAu=w/(Ak;/2). Moreoverw is understood B
to be the real part of the frequency. Assuming a spectrum F(AN(V)) 0]
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Using the self-consistency constraints EfR) and perform- in the ion heating expressions reflects the ambipolar physics
ing the velocity space integration over the resonant electrowhich leads to and ultimately governs the heating process.
response, we find that the ion heating can be expressed in Having performed the required summations, we are now
terms of the electron parallel energy flux associated within a position to quantify better the relation between the ion

magnetic turbulence, heating and the electron parallel energy flux presented in Eq.
(27). We choose parameters typical of the core of the MST.

H = 2 2@ Ky 6\\ (K,w). 27) Loosely speaking, the core is where the=1, n=6-8 tear-
' e U kXbgr <€ ing modes are resonant. In the MST this occurs approxi-

— _ _ _ . mately atr =0.5a (a=52 cm being the minor radiisThese
Here Qq(k,w) is the right-hand side of Ed21), excluding  parameters, which include the widthk; of the fluctuation

the summation sigr).= —eB/(mcC), andkXDby-r is €ssen-  gpectrum, the profile parametetr, and L+, and the fre-

tially k, . This equation represents a turbulent energy bal, uency of the relevant fluctuations, are not well established,

ance which ties the ion heating to the amb|polar-constra|ne@ither theoretically or experimentally. To obtalrk, we ob-

electron parallel_energy tran_sport. Sin_ce the underlyin_gserve that the magnetic fluctuation spectrum in the MST
physical process is the absorption by the ions of waves emlt(—Ref' 27 is broad and its power is concentrated in the

ted by electron clumps, we refer to it as a turbulent K|rch-:1, n=6-8 core-resonant tearing modes. Using the poly-

hoff's Law. Notg that this r'elat|on |s.gene.ral, l.e., it applies nomial function modéP to fit typical MST equilibrium pro-
to any plasma with magnetic fluctuations, independent of anYias for the magnetic field, we obtaikk, = 0.86 ml Tem-

specific mode, provided the assumptions of a CoII|S|onIes§erature and density profile diagnostics in the MST have

plasma and moderate line broadening are satisfied. The fir |Fnited resolution. There is, however, some evidence that at

proportionality factor in Eq(27), |Q2|/u, is the inverse dis- r/a=0.5 both profiles tend to be broad, with the density
tance traveled by an electron in a gyroperiod. The invers%sua”y' being more peaked. We assumﬁ’=—70 cm and
dependence on reflects the fact that a slowing of th? elec- 7;=0.1. The flatness of these profiles is also responsible for
tron loss rate tau enhances the energy transfer to ions. In

MST-like plasmas, this factor is large. Even though the faC_the small values of the diamagnetic frequencies in the core

tor k;/k, is small, the overall proportionality factor in Eq. region. We assume, ;= ~5000 Hz andw, o= 10000 Hz.

! _ Finally we turn to an assessment of the mode frequency
1

(27) is Iargg(of the order of 18-10° cm for'MST param-  rpe theoretical expressions we have derived are sensitive to
gters. PhyS'CQ”V’ the large factor app!led to ion heating r'ala'the value of the fluctuation frequency. For example, consider
tive to the radial _eIe(_:tron energy flux is expl_alned by the faCtthe electron parallel energy flux driven by a resonant fluc-
that the magn_etlc_ﬂeld I|_nes wrap many times around thetuation spectruniEq. (22)] with transport coefficients given
torus before diffusing radially by a small amount. As a con-by Eqs.(23) and (24). With 7,<1, it is easily seen that the
sequence, electrons following the field lines have the oppor: ' ' L

i : . ; . . total flux is outward whenw>0 [i.e., for mode rotation in
tunity to deposit, through the ambipolarity constraint, a sig- [

e : .~ the direction of the electron diamagnetic frequency, as de-
nificant amount of energy to the ions before undergoin 9 d y

appreciable radial diffusion. We also note that the direct prog-nned after Eq(6)]. On the other hand, for mode rotation in

T : : the ion direction <0) the flux is outward iffw|<|w,;.

e e et o miany, e o Heaing (20 = postve e 0
P : on temp P But becomes negative for negative values of the frequency
heat losses whenever ion heating is present. However, this

loss is small compared to nonambipolar constrained hea lch thafw| <|w,.|. Unfortunately, fluctuation frequencies
. P P in the plasma frame are not well known from measurement.
losses, if such occur.

. o . . Likewise, there are no theoretical predictions available for
In the adiabatic ion limit ¢/v;<<1) we first perform the P

required intearation over the ion response. and therkihe fluctuation frequencies at the present time. The frequency
q . 9 >SP ' t depends not just on pressure gradients, but on the nonlinear
summation. For a resonafguperscriptr) and nonresonant

(superscripnr) spectrum we obtain, respectivel torques that govern rotation. Deriving the frequency lies out-
P P P ' P Y side the scope of this work. Therefore, in our calculations we

© 1 will assume that the modes rotati@ the plasma framein
( —1)—54 (28)  the electron diamagnetic direction, and take=0.8w, .
=8000 Hz.

Using these parameters as representative of the core of

_ 1l w
r_—
Hi —kgw DmvingT; 2 o

n;

*i

and the MST, we quantify the relation between the ion heating
1 o o rate and electron parallel energy transport by considering the
ﬁim: 2 DyovingTi— ( — 1) following temperature evolution equations for ions and elec-
Koo n @xi | Oxi trons:
1 US AkH < UO) 2 d/3
ol |—|— —(up/v)?]. (29 _
7\ 5 U.Z) Ko | 01 exd — (up/vi)“]. (29 a(iniTi)_Hiu (30)

Here we have again simplified the results by expanding in
the small parameterSu/v; (resonant cageand (Ak;/2)/kq E §n T.|=-v-qQ (31)
(nonresonant cageThe presence of an ion thermal velocity dt\2 ¢ ¢ e’
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wherte andH; are given, respectively, by Eq&2)—(24) lated following a similar procedure as that employed in Sec.
and(28). Note that Eq(31) includes only the flux of parallel Il to calculate the parallel heat flu.We have
energy, not the potentially larger perpendicular energy flux

. . . I _ 1 o1 1
discussed in the next section. Heritgevolution in the ex- QLl=- Ue(D$eL— +o, Dﬁ'L_JFD'er'L_) neTe,
ercise described here only tracks part of the electron energy Te n, T
loss. Assuming initial values of 350 and 150 eV for the elec- (32)

tron and ion temperatures respectively, and integrating Ed§yhere in the resonant case the transport coefficients are
(30) and (31) with B/B=3% for a time interval of 0.5 ms, given, to zero order ifiw/(Ak/2)]/v;<1, by

we find that the ion temperature increases to 540 eV while

the electron temperature decreases slightly to 349 eV. Even ee_ ei_ @

if the flux of electron parallel energy associated with these Dy _k%u Du. P _gw DM( ! w*i)'

levels of magnetic fluctuations is small and leads to a very (33
small decrease iff,, the corresponding ion heating rate is pei 2 ED

large and induces a significant increaseTjnduring a saw- ToE, 2T M

tooth crash.

To end this section, we note that a comparison of the ©F & nonresonant spectrum, we expand Ark)(/2)/kjo<1

fluxes of electron parallel energy and ion heating rate indi-and obtain

cates that these are significantly smaller for a nonresonant Aky [ ug 2
spectrum[Egs. (25 and (29)] than for a resonant spectrum D= E DMk_(_)
[Egs.(23) and(28)]. The reduction factor is proportional to o

Ve

the nondimensional parametekk /kj, andug/v;. We re- o o | Ak ug 2 2(34)

call that Ak; is the width of the spectrumkj,>0 is its Dn=k2 Dm(l— > )k_<v_> exf — (uo/v)“],

center-point, andip= w/kjo. The wave vectoko is equal to L *i/ B0 AT

the average value of the wave vectors associated with the . u% 1) Ak [ ug)2

modesm= 1, n=6-8 which drive the edge spectrum inthe =~ D= DM(_z_ 5) k_<_) exd — (Up/v;)?].

MST. We findkjo=4.5 m *. Using this value and other data Koo Ui Jlo \ Vi

from the MST edge, we find that the parallel heat transport (39

coefficients are reduced by a facter1.5x10°, while the  Note that in deriving these expressions we have assumed that

ion heating rate is reduced by1.8x10°°. the perpendicular energy of the electrons in the incoherent
distribution,v?= [d?v , v?h/fd?  h, is equal to the thermal
energyv?.

IV. RADIAL FLUX OF ELECTRON PERPENDICULAR From these expressions we see that, in the core region

KINETIC ENERGY (resonant spectrunthe major contribution to the flux comes

The anomal ion heating described in the obrevi from its quasilinear part because of its-rate (compared to
€ anomalous lonh heating describe € pre ou%hevi—rate of the drag partIn the edge regiofnonresonant

Eﬁitlg nalrilgliggla}l? tir;z;gz(ng;ﬂag?"ﬁeeflﬁ. ?{S:tigsesrggamr':spectrun)1 the transport coefficients present in the drag part
’ P ) 2 1
and therefore small. As already briefly mentioned, the struc9f the flux are reduced by a factai(Ak; /kjo) (Uo/v;)". This

ture of the flux of perpendicular energy differs substantiallyIS much larger than the reduction of the quasilinear part of

. the flux =< (Akj /kjo) (Ug/ve)%. Consequently, the major con-
from that of parallel energy because the quasilinear conduc;[—ribution i§1 thL e”((j)zg(e (r)egfc))n comes (f1r0m t{}e drag dart.

tive flux survives the cancellation of drag and diffusion. For ™, ' .o contion by making a more quantitative com-

is impli [
2 fﬁt? S;ntr?(?v?/g\:g?] :E'es gqapg%;(tgfﬁuig:wacgch:ergsfch(r)]rinih eparison between the fluxes of parallel and perpendicular en-
P ' ’ J ergy in the core. We obtain

ion drag, or ambipolar-constrained part of the flux, so that
Qé:Q[L. Consequently, it is very important to consider the =1 veDyltNoTe
flux of perpendicular energy whenever the dominant contri- == o °
bution to the fluctuation spectrum comes from resonant Qb 0iDw(vi/ve)’LT NeT,
modes(as in the core of the MST In this case, the flux of
. . 2L 1\ 32

perpendicular electron heat dominates the energy losses, and _(E) v_e) l:<ﬂ> 1
is responsible for the decrease of the electron temperature vi/ Lt \mg ’
observed during bursts of magnetic activity in the MST. ¢

In this section we present expressions for the radial comwhere in the last step we have assumed equal temperatures.
ponent of the electron perpendicular heat flux for both reso-
nant and nonresonant spectra. As in the parallel case, we
expect ion heating to be associated with the ambipolar pagy A HEURISTIC TRANSPORT MODEL
of the perpendicular electron heat flux. Calculation of this
heating lies outside the drift-kinetic formalism employed To determine if the expressions presented in the previous
herein, and is left for future work. The radial component ofsections are able to qualitatively reproduce the time evolu-
the anomalous perpendicular electron heat flux can be calction of the electron and ion temperatures during a sawtooth

Uj
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crash in the core region of the MST, we consider the follow- 400.0 ' .
ing heuristic transport model for coupled evolutionTgfand
Te:
d/3 o T, 300.0
e —niTi :Hi +H| - , (36)
dt 2 TEj &
3 '3
d/3 S NeTe E 2000
| IhT :HOhm+HcI__ an,H+ an,Ly_ ) s
dt(z e e) e e V(Qe Qe ) TEe 3
(37) =
. . . . B®
Here there is a term depending on the ion energy confine. 1000
ment timesrg;, which reflects losses associated with classi-
cal and electromagnetic anomalous ion transport. The corre /B,
sponding term in the electron equation reflects classical anc 0.0 ‘ ) .
electrostatic anomalous electron transport losses. 0.0 1.0 20 3.0 4.0
time (ms)

We use this model to simulate the core region of the
MST, taking the anomalous ion heating r&té" to be given
by Eq. (29), Ql by Eq. (22) with coefficients given by Egs.
(23) and (24), and Qg by Egs.(32)—(33). The quantitiesS

FIG. 2. Time evolution oB/B,, T, andT,;.

andV are a surface in the core region<0/a<0.5), and the

lated for long times. As a consequence, these bunched elec-

volume it encloses. The remaining terms are the classicatons effectively act as macroparticles. During their ballistic

heating associated with equipartitidt®, which in cgs units

propagation, they are shielded by the plasma dielectric,

can be expressed as which consists of coherent electron and ion responses. The

shielding process links the dynamics of clumped electrons
and the dielectric, allowing a continuous exchange of mo-
mentum and energy between these two plasma constituents.

(where InA,=17), and the Ohmic heating deposited to the To describe this process we use a drift-kinetic formal-
electrons. H®"™ ‘which we assume is equal to Xa0 ism, retaining theEX B and magnetic flutter nonlinearities.
1 e ’

(erg/s/crm® in the core region of the MST. For the remaining The latter describes streaming of electrons along perturbed

parameters we use the same values as in the integration Bi2gnetic field lines. The conservative energetics of the
Sec. IIl. We first find that, in steady-states.=1.5 ms and Shielding physics is imposed through quasineutrality and
7ei=3.1 ms. Experimental data on transport in the MST in-AMP&re’s Law. Within this mathematical framework, we

dicate that these values are too large by a factor of 2 or shave evaluated the magnetic fluctuation-induced electron en-

However, since our goal is to assess qualitatively the effect§"9Y flux, and the rate of conversion of magnetic energy into
of our expressions fo®, andH;, we neglect this discrep- 10N kinetic energy. The principal findings are as follows:

ancy and proceed with the simulation, keeping in mind tha{1) under the assumptions of moderate resonance broaden-

(mem;)¥ngIn Aje
(meTi + miTe) 312

Hf'= —HZ=5x10"% (Te=T))

transport rates will not be realistic. We integrate the two
equations in time, following the evolution af, and T; in
response to a change in the magnetic fluctuation level that
simulates the occurrence of a sawtooth crash. The result of
the integration is presented in Fig. 2. This figure shows how
our model is able to capture the main trends of the ion and
electron temperature responses to a sawtooth ¢golmpare
with Fig. 10 of Ref. 7.

VI. SUMMARY AND CONCLUSIONS

We have considered the problem of anomalous ion heat-
ing in magnetic turbulence, showing that ion heating is a2)
natural by-product of magnetic turbulence. The heating is
due to the absorption by ions of waves emitted by granula-
tions in the electron distribution function. Since these are
created and regulated by the magnetic turbulence itself, their
presence represents a continuous saturation process that con-
verts the energy stored in magnetic turbulence into ion ki-
netic energy. Physically the granulations, or incoherent fluc-
tuations, consist of groups of electrons which stream together
along the perturbed magnetic field lines, remaining corre-

ing and collisionless dynamics, the magnetic fluctuation-
induced flux of electron energy parallel to the magnetic
field is ambipolar. The source of the ambipolar con-
straint originates with the wave-particle resonance factor
d(w—Kkjv)), which applies to both the incoherent elec-
tron fluctuations and the coherent electron response. This
leads to a cancellation of the quasilinear diffusion with
the electron—electron drag, leaving the dissipative inter-
action of the electron—ion drag as the only parallel en-
ergy transport mechanism. This result does not require
any particular form of the magnetic fluctuation spectrum
or any particular choice of the ion response.

The reduction of the electron loss rate to one controlled
by the ion thermal velocity implies an anomalous trans-
fer of energy to the ions. Consequently, the ion heating
rate is proportional to the radial flux of electron parallel
energy. The heating is accomplished through the absorp-
tion by ions of waves emitted by electron clumps.
Hence, the proportionality relationship can be repre-
sented as a turbulent generalization of Kirchhoff's Law
usually associated with discreteness effects. There is a
significant amount of heating associated with the flux
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of parallel electron energy because electrons stream ovéraw ties ion heating to the radial flux of electron parallel
large parallel distances, all the time heating ions, beforeenergy. We also expect ion heating associated with the
undergoing appreciable radial diffusion. The flux of ambipolar-constrained part of the electron perpendicular heat
electron parallel energy in the turbulent Kirchhoff's Law flux. We have presented expressions for the electron perpen-
implies a decrease of the electron temperature due tdicular energy flux, but have not attempted to generalize the
parallel heat losses whenever ion heating is present. Thiwirbulent Kirchhoff's Law by including ion heating from the
decrease is small because the ambipolar-constrained pdhux of perpendicular energy. This requires gyrokinetic for-
allel energy flux is small. malism and is left for future work. Future work must also
(3) Inthe MST, the fluctuations that drive transport are reso-address the issue of the fluctuation frequency. We anticipate
nant in the core region and nonresonant at the plasmtnat diamagnetic effects and rotation play a role, but also the
edge. While the turbulent Kirchhoff's Law holds every- incoherent emission process, which is known to broaden the
where by virtue of the ubiquitous ambipolar character ofpower spectrum at fixed wave number.
the parallel energy flux, the total electron energy loss
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