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The total magnetic fluctuation-induced electron thermal flux has been determined in the Madison
Symmetric Torus~MST! reversed-field pinch@Fusion Technol.19, 131 ~1991!# from the measured
correlation of the heat flux along perturbed fields with the radial component of the perturbed field.
In the edge region the total flux is convective and intrinsically ambipolar constrained, as evidenced
by the magnitude of the thermal diffusivity, which is well approximated by the product of ion
thermal velocity and the magnetic diffusivity. A self-consistent theory is formulated and shown to
reproduce the experimental results, provided nonlinear charge aggregation in streaming electrons is
accounted for in the theory. For general toroidal configurations, it is shown that ambipolar
constrained transport applies when remote magnetic fluctuations~i.e., global modes resonant at
distant rational surfaces! dominate the flux. Near locations where the dominant modes are resonant,
the transport is nonambipolar. This agrees with the radial variation of diffusivity in MST.
Expectations for the tokamak are also discussed. ©1996 American Institute of Physics.
@S1070-664X~96!91505-8#

I. INTRODUCTION

The motion of charged particles along the stochastic
fields of magnetic turbulence is generally regarded as an im-
portant transport mechanism in fusion and astrophysical
plasmas. Because the rates of streaming along magnetic
fields are greatly different for electrons and ions of compa-
rable temperature, electron and ion loss rates are not neces-
sarily ambipolar~i.e., equal! as they are for electrostatic tur-
bulence. For particle transport, the fluxes are constrained by
Ampère’s law to be ambipolar for localized, internally gen-
erated fluctuations, independent of the value of the spatial
mean electric field.1 The same self-consistency constraint,
however, does not lead to intrinsic ambipolarity in the heat
flux, either under quasilinear theory,1 or under more realistic
renormalized theories of the turbulent response.2,3 This dif-
ference is attributed to the fact that the electromagnetic po-
tentials of ambipolarity are created in response to, and ulti-
mately control, charge densities. They cannot distinguish
between events that interchange two particles of disparate
energies from those that interchange particles of equal
energy.3 Such arguments imply that the electron heat loss is
tied to the electron thermal velocity, whereas the particle loss
is tied to the slower ion thermal velocity. This leads to a
marked disparity in the rates of convective and conductive
heat loss.4

We describe herein experimental observations and an
analytical theory that directly contradict the above assertions.
Measurement of the magnetic fluctuation-induced electron
heat flux5 in the edge of the Madison Symmetric Torus6

~MST! shows that it is convective, despite the presence of a

temperature gradient, and ambipolar constrained. The ambi-
polar constraint is underscored by a simple modeling exer-
cise that shows that the flux is well described by a
Rechester–Rosenbluth diffusivity,7 but with ion thermal ve-
locity as the streaming factor. In the theory, ambipolar con-
straints are shown to arise through nonlinear bunching of
electrons and the effect of this bunching on the collective
plasma dielectric response through resonant momentum and
energy exchanges. When the ions of the dielectric response
are adiabatic~i.e., their thermal velocity exceeds the fluctua-
tion phase velocity!, the edge electron heat flux is convec-
tive, manifestly ambipolar constrained, and agrees well with
the measurement in terms of its magnitude and scaling.

The electron bunching crucial in present considerations
is not accounted for in conventional theories of turbulence.8

This bunching arises from correlations among streaming
electrons, whose relative separations lie within a correlation
length of the scattering fields. Such electrons remain corre-
lated for sufficiently long to act as discrete clumps of ballis-
tically propagating electrons. The moving clumps induce a
shielding response in the plasma dielectric, causing a transfer
of energy and momentum to the fields throughresonant
emission. The excited fields, in turn, transfer energy back to
the distributions via Landau damping, a process governed by
the identical resonance condition. The self-consistent mo-
mentum and energy exchange between electrons and elec-
trons and ions, as mediated by the turbulent fields, is thus
elastic. Consequently, the turbulent collisions behave like
Coulomb collisions, with scattering between isothermal par-
ticles of the same species producing no transport. In a self-
consistent treatment of collisionless magnetic turbulence in-
volving no temperature gradients, this constraint was found
to eliminate transport involving turbulent electron–electron
scattering, the type described by quasilinear theory.9 In that
treatment, it was also assumed that the residual ambipolar
constrained losses due to turbulent electron–ion collisions
are negligibly small. This led to the conclusion that electro-
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static fluctuations alone regulate transport. Here, in contrast,
the temperature gradient allows the existence of a
quasilinear-like conductive flux associated with turbulent
electron–electron transfer. This flux arises from the perpen-
dicular energy moment. As with field-aligned momentum,10

there is no transport of parallel energy via turbulent
electron–electron collisions. The ambipolar-constrained flux
due to turbulent electron–ion collisions has both convective
and conductive components and is not necessarily small. For
MST parameters in the edge, the convective flux dominates
both its conductive counterpart and the nonambipolar
electron–electron flux. In this case, magnetic turbulence
regulates transport, but in a way that is ambipolar con-
strained.

II. EXPERIMENT

The magnetic fluctuation-induced electron thermal flux
was measured in MST,6 a large reversed-field pinch~RFP!
with a minor radius ofa50.52 m, a major radius ofR51.5
m, and a plasma current ofI,0.7 MA. Plasmas in MST
typically have a line-average density and temperature of
131013 cm23 and 300 eV, respectively. Limited profile diag-
nostics@four-chord far infrared~FIR! and Thompson scatter-
ing# indicate that density and temperature profiles are broad
but not flat. The density profile tends to peak more than the
temperature profile, particularly at lower densities. The
plasma core typically rotates. The impurity ion rotation
speed is 104 m/s; the main plasma ion rotation speed is not
measured. However, correlation between impurity ion slow-
ing down and mode rotation rate decrease before and during
sawtooth crashes suggests that impurity and main plasma ion
rotation rates are similar.11 Although the rotation profile is
not known in MST, a decrease of rotation rate with radius is
implied by the lack of rotation beyond the reversal layer.

MST discharges are characterized by a broad spectrum
of magnetic turbulence. Magnetic fluctuations are measured
both by insertable probes and by extensive wall-mounted
probe arrays. Power is concentrated in the low frequencies
~y<20 kHz!, where fluctuations are of the order of a percent
~B̃/B0'0.01! and helicities correspond tom51, n55–8. At
higher frequencies the fluctuation spectrum obeys a power
law ~decaying asv25/2! and encompasses higher helicities.12

In the high-frequency range, the toroidal wave number varies
linearly with frequency, with frequencies from 50–200 kHz
corresponding to toroidal mode numbers from 30–70. These
measurements indicate that even at the edge, magnetic tur-
bulence is dominated by fluctuations whose resonant surface
lies well in the core. Extensive numerical modeling studies13

have established that the low-frequency spectrum component
corresponds to internally resonant nonlinearly saturated glo-
bal tearing modes. These modes are responsible for sustain-
ing the reversal of the mean toroidal magnetic field, but in so
doing they stochasticize the magnetic field within the rever-
sal radius.14 Simulations also indicate that they interact qua-
sicoherently, giving rise to a spectrum that is nonstationary at
low wave number. The temporal evolution of the magnetic
field for the dominant modes~n55–8! indicates a broad
spectrum with signatures due to sawtoothing at 1 kHz, a 10
kHz signal associated with rotation of then'6 modes at the

plasma rotation speed, and a high-frequency tail.15 At least
some of the high-frequency signal is believed to result from
aliasing effects with shorter-wavelength fluctuations. For a
fixed wave number in the range of the dominant tearing
modes, the frequency spectrum is dominated by rotation and
quite coherent. The width of the frequency spectrum~half-
width at half-maximum! is no greater than one-quarter the
value of the peak. A peak at very low frequency due to saw-
toothing appears as a distinct feature. Magnetic probe array
measurements indicate that the electron mean-free path is
many times larger than the parallel correlation length.

Measurements of the magnetic fluctuation-induced heat
and particle fluxes have been reported previously.5,12 The
particle flux Ge was obtained using an electrostatic energy
analyzer in conjunction with a magnetic probe to correlate
the parallel electron current fluctuation withB̃r . The heat
flux Qe was obtained with a fast pyrobolometer and mag-
netic probe to correlate the fluctuating parallel heat flux with
B̃r . Both measurements covered a region fromr /a50.8 to
the wall. The toroidal field reverses sign atr /a'0.85–0.9.
The cross power of parallel heat flux andB̃r is shown in Fig.
1. The cross power peaks at 10 kHz with virtually all of the
power below 20 kHz. From the dispersion curve for the tor-
oidal mode number, this frequency range is identified with
the global tearing modes~n55–8!. The absence of any sig-
nificant contribution from higher-frequency fluctuations will
be an important element of later analysis. A comparison of
the convective heat flux,32GeTe , calculated from the mea-
sured magnetic fluctuation-induced particle flux, and the
measured magnetic fluctuation-induced total heat fluxQe is
shown in Fig. 2 as a function of radius in the outer region of
the plasma. Bounds on an estimate of the total electron heat
flux inferred from a global power balance are indicated by
the hatched region. Figure 2 shows thatQe accounts for all
thermal losses atr /a50.8. Closer to the wall, however,Qe

drops sharply, becoming much smaller than the power
balance-inferred heat flux. This is consistent with stochastic-
ity ending at the reversal layer~in the regionr /a'0.85–0.9!
and some other mechanism~e.g., electrostatic fluctuations!
driving the heat flux in the edge. Figure 2 indicates thatQe is
convective over the entire range sampled. This observation
invalidates the inequalityae[Qe/GeTe.5 as a signature
that transport is dominated by magnetic braiding.4 A value of
ae greater than unity would occur if the total heat flux were
not ambipolar constrained while the convective flux were.

FIG. 1. Cross-power spectrum for the correlation of the fluctuating parallel
heat flux with the fluctuating radial magnetic field forr /a50.75.
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The inference from Fig. 2 is that ambipolar constraints
apply to the total heat fluxQe . This is further illustrated by
comparing the results of Fig. 2 with the Rechester–
Rosenbluth model,QeR5ve(B̃/B0)

2L i . Using the spectrum-
averaged magnetic fluctuation power~B̃/B0'0.01! and a
parallel correlation length~L i'1 m! known approximately
from magnetic probe array measurements to within a factor
of 2–3, this expression agrees with the results of Fig. 2,but
only if the electron thermal velocity is replaced by the ion
thermal velocity. Otherwise it is off by over an order of
magnitude.

III. THEORY

In light of these measurements, we calculate the
Lenard–Balescu turbulent collision integral~LBTCI!,9 in or-
der to evaluate the electron heat flux moment of the fluctu-
ating electron distribution for an equilibrium with tempera-
ture and density gradients. The electron heat flux is
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wheref andAi are the electrostatic and magnetic potentials,
he is the nonadiabatic part of the electron distribution,b0 is
the unit vector along the equilibrium magnetic field, andr̂ is
the radial unit vector. This expression describesE3B advec-
tion of heat, and heat loss via electron streaming along the
perturbed magnetic fieldB̃5“Ai3b0. The component ofQe

proportional toAi yields the heat flux measured by experi-
ment.

The electron distribution appearing in Eq.~1! is obtained
from the electron drift kinetic equation~DKE!,
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the diamagnetic frequency,he5Lne/LTe is the ratio of den-
sity gradient scale length to temperature gradient scale
length, ve is the electron thermal velocity, and̂f e& is the
equilibrium distribution function.

The solution of the DKE has the form

he~k,v!5Rf~k,v!fk,v1RA~k,v!Aik,v1h̃e~k,v!, ~3!

where the first two terms are referred to as the coherent re-
sponse, representing the response of the distribution to po-
tential disturbances at the same wave number and frequency,
and the third term is the incoherent distribution. In a moder-
ate to weak turbulence regime where resonance broadening
effects are of second order, the coherent responses are given
by
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RA~k,v!52
v i

c
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The neglect of resonance broadening effects is consistent
with the narrow spectrum at low wave number, as described
in the previous section. The incoherent distributionh̃e~k,v!
arises from the nonlinear coupling. In Fourier space, the non-
linearities of Eq.~2! are convolutions, allowinghe(k,v) to
be driven by potential amplitudes at differentk andv. The
structure and dynamical properties of the incoherent distri-
bution are obtained from the solution of the evolution
equation8 for the two-point phase space density correlation
^he~x1,v1,t!he~x2,v2,t!&. The incoherent distribution is iden-
tified with correlated electron clumps that propagate ballisti-
cally along the equilibrium magnetic field. The spatial and
temporal properties of the incoherent distribution make it
distinct from the plasma dielectric. Specifically, quasineutral-
ity and Amp̀ere’s law describe the shielding of the clumps by
the dielectric. The shielding relationship is implicit in the
structure of Eq.~3!: the response functionsRA andRf are
electron susceptibilities that contribute to the dielectric in the
usual way. The incoherent distribution, however, is not pro-
portional tofk or Aik , and does not contribute to the dielec-
tric. The shielding of the particle-like clump is analogous to
the shielding of moving test particles by a plasma dielectric.

Substituting the electron distribution, Eq.~3!, into the
heat flux, Eq.~1!, leads to the LBTCI,

FIG. 2. Total magnetic fluctuation-induced electron thermal flux and con-
vective thermal flux as a function of radius fromr /a'0.8 outward. The
shaded region indicates the magnitude of the total heat flux inferred from a
power balance.
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In this expression, the coherent and incoherent components
of the distribution play roles consistent with those played in
the constituitive relations. The coherent responses, through
the gradient dependence ofRA and Rf , produce diffusive
terms when the divergence of the flux is taken. If the coher-
ent response to the magnetic potential is linearized, the dif-
fusivity is that of quasilinear theory with a Rechester–
Rosenbluth-like scaling. Similar scaling also follows when a
nonlinear~resonance broadened! coherent response is used.3

The incoherent distribution leads to a drag-like term in the
LBTCI. The ballistically propagating electron correlations
are shielded by the plasma dielectric, inducing emission into
the collective modes of the dielectric in the form of a reso-
nant exchange of momentum and energy between macropar-
ticle and modes. This emission process subjects the clump to
a drag.

The shielding and drag processes enter Eq.~6! when the
transport description is made self-consistent by relating the
potentials to the charge distributions through Amp`ere’s law
and quasineutrality. These constraints are given, respectively,
by
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whereFi52^ f i&ef/Ti1hi is the full ion distribution,hi is
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andVi is the ion gyrofrequency. Note that the ion and co-
herent electron distributions are compatible with shielding of
tearing mode current layers by outer tearing eigenmode
structures on neighboring rational surfaces in a finitev

*
ki-

netic description. However, parts of these distributions also
go beyond simple tearing mode physics. The nonadiabatic
ions, for example, provide the dissipative electron–ion cou-
pling that ultimately governs the ambipolar-constrained parts
of the flux.

Ampère’s law and quasineutrality are imposed on Eq.~6!
by solving Eqs.~7! and ~8! for Aik,v andfk,v and substi-
tuting into Eq.~6!. In the resulting expression, the magnetic

drag term, ^Aih̃e&k,v , becomes a linear combination
of the correlations ^ñeh̃e&k,v and ^J̃ih̃e&k,v , where
J̃i5ueu*d3v v ih̃e and ñe5*d3v he are the incoherent cur-
rent and density terms of Ampe`re’s law and quasineutrality.
The magnetic diffusion term,̂AiAi&k,v , becomes a linear
combination of the*d3v and*d3v v i moments of the cor-
relations^J̃ih̃e&k,v and^ñeh̃e&k,v . Solutions of the two-point
evolution equation indicate8 that the correlationŝ J̃ih̃e&k,v
and ^ñeh̃e&k,v are ballistic in character, allowing the two-
time two-point correlations to be written in terms of one-time
two-point correlations, as

^K̃h̃e&k,v52pd~v2kiv i!^K̃h̃e&k , ~9!

whereK̃ is eitherñe or J̃i . These constraints impose on the
emission process and resulting drag force the same resonant
condition that characterizes the damping of wave energy and
ultimately leads to diffusion. As a consequence, these con-
straints produce a partial cancellation of the diffusion with
the drag, considerably simplifying the LBTCI. Ampe`re’s law
and quasineutrality are then used to rewrite the correlations
of incoherent fluctuations in terms of power densities
^uAiu2&k,v and ^ufu2&k,v . The algebraic procedure described
above is straightforward but tedious. Because it has been
detailed elsewhere9 we do not repeat the steps here.

Following the above steps, the LBTCI can be written as
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where, for sake of comparison with experiment, only the
magnetic components have been displayed. In this expres-
sion,D

“T
(e–e) is the diffusivity of the conductive heat flux of

quasilinear theory andD
“n
(e– i ) andD

“T
(e– i ) describe transport

produced by the momentum and energy exchange between
electron clumps and ions as mediated by collective modes.
The diffusivity of the conductive heat flux comes from the
temperature gradient-dependent parts of the coherent elec-
tron response, and is given by

D
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u5v/ki and b̃k5 k3b0–rAik . The convective part of the
usual quasilinear heat flux does not appear in the LBTCI due
to the cancellation referred to above. As suggested in Ref. 2,
the conductive part of the energy moment survives the can-
cellation. However, this is true only for the perpendicular
energy. Both the conductive and convective parts of thepar-
allel energy moment are canceled by the drag. This outcome
contradicts the assertions of Ref. 2. As noted, the presence of
a conductive flux and absence of a convective flux mimics
collisional transport, which, for like particles, yields a zero
diffusivity and a nonzero thermal conductivity.
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Assuming adiabatic ions (u,v i), the ion components of
Eq. ~2! are given by
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where ṽ2[(*v' dv' h̃e)
21*v' dv' v'

2 h̃e've
2 is the per-

pendicular energy of electrons in the incoherent distribution
and the lowest-order finite ion gyroradius corrections have
been included. The ion components arise from the ion inte-
grals *d3v Fi and *d3v v iFi in quasineutrality and Am-
père’s law and are thus ambipolar constrained, as indicated
by the ion velocity factor in Eq.~2!. The ion terms describe
wave-moderated electron–ion scattering. Though these ex-
pressions are nominally convective and conductive, the driv-
ing gradients are in the ion distribution. Therefore, these
terms are not convective and conductive in the usual sense
~electron gradient drives electron heat loss!; rather, they are
more akin to off-diagonal terms involving gradients of the
opposite charge species. For MST, it is possible thatu is as
large asv i making the hydrodynamic regime of interest. For
ni,v ~andu.v i! weak collisions provide the necessary dis-
sipation to produce transport. In this regime the diffusivities
are
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The conductive heat flux@Eq. ~14!# yields a heat pinch in
the deeply adiabatic regimeu2/v i

2!1
2. For v in the electron

diamagnetic direction, this pinch is smaller than the outward
convective flux@Eq. ~13!#, making the net flux outward. In
the weakly adiabatic and hydrodynamic regimesu2/v i

2.1
2,

the conductive flux changes sign and becomes outward. The
ion components of the electron heat flux are not completely
general. In particular, magnetic drifts~gradB and curvature!
have not been considered.

Evaluation of the heat flux@Eq. ~10!# ultimately requires
an assessment of the relative magnitudes of the electron and
ion components. This, in turn, requires a consideration of the
spectrum sums in the diffusivities. Because magnetic
fluctuation-induced transport is produced by particles
streaming along turbulent fields, the flux is critically sensi-
tive to spectral variation inki . In prior treatments, spectra
that are peaked aboutki50 with some widthDki have gen-
erally been assumed.16 Such an assumption is valid near the
rational surfaces of the modes that locally dominate the spec-
trum. It is not valid if the modes that locally dominate the

spectrum are resonant at a distant rational surface. For a
centrally peaked spectrum, the Rechester–Rosenbluth heat
flux expression is recovered from Eq.~10!. This is most eas-
ily seen for a spectrum that is flat out toDki and zero there-
after. To facilitate evaluation, we take the continuous limit
and convert the sum overki to an integral. From dimensional
considerations,b̃k

25b̃2/Dki , for ukiu,Dki , whereb̃
2 is the

spectrum-averaged magnetic fluctuation level. Withx51/ki
2 ,

the expression forD
“T
(e–e) becomes
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when ve.v/Dki . Following the same procedure for the
sums in Eqs.~13! and ~14! then leads to the conclusion that
the electron term dominates Eq.~10! by a factor proportional
to the ratio (ve/v i). The resultant transport satisfies a
Rechester–Rosenbluth expression.

Consider now a peaked spectrum that is shifted offki50
by an amountk0.Dki/2. This spectrum has virtually no
power in the locally resonant modes for whichki'0, but is
dominated by modes resonant at remote rational surfaces.
Such a spectrum could apply for a limited range of frequen-
cies, one that dominates the heat flux, with fluctuations out-
side the range havingki'0, as required to produce a stochas-
tic field locally. As shown below, this is precisely the
situation in MST. For a shifted spectrum that is flat, with
width Dki , the sums in Eqs.~11! and~13!–~16! can again be
carried out without difficulty. EvaluatingD

“T
(e–e) yields
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where it has been assumed that all power lies in the adia-
batic regime,v/(k06Dki/2),ve . The factor (v2/ve

2k0
2)

(12Dki
2/4k0

2)22 arises from the difference in the number of
resonant particles at the extremes of the spectrum. For this
spectrum the magnetic diffusivity for electron motion is
smaller than the Rechester–Rosenbluth expression by the
factor ~v/vek0!

2. Because the corresponding factor~v/v ik0!
2

also appears in the ion diffusivities, the ion terms are larger
than the electron term. These factors reflect the number of
particles of speciesj that are resonant with the collective
mode. With both species adiabatic, the phase velocityv/k0
falls in the bulk of both distributions. Because the ion distri-
bution is narrower, there are more resonant ions, and turbu-
lent electron–ion scattering dominates the electron heat flux.
Note that in this case, the heat loss is manifestly ambipolar.

IV. DISCUSSION

We now comment on Eqs.~11!–~18! as they pertain to
the electron magnetic fluctuation-induced heat loss in MST.

~1! In the edge of MST, where the measurements re-
ported in Sec. II were made, the magnetic fluctuation spec-
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trum as a function ofki is peaked well away fromki50, with
little power atki50. Sinceb̃ki

2 is not directly measured, this

spectrum structure must be inferred fromb̃m,n
2 ~wherem and

n are the poloidal and toroidal mode numbers! and from the
expression forki in the edge of a RFP. ExpandingB0f(r )
~!B0u! in the region of the reversal layer,

ki~r ,m,n!5
n

R
@r2r s~m,n!#S 1

B0u

dB0f

dr D U
r5r s~m,n!

, ~19!

wherer s(m,n) is the resonant surface for them,n helicity.
For the global tearing modes that dominate the spectrum,ki

is not close to zero becauser2r s is large@we are interested
primarily in the regionr'0.8a, while r s~m51, n55–8! is
deep in the core#. The parallel wave number does, or course,
approach zero whenr5r s'0.8a. Using a Bessel function
model forB0u(r ) andB0f(r ), this requiresn*50–70. In this
range the fluctuation power is down by two orders of mag-
nitude. More critically, measurements of toroidal mode num-
ber versus frequency place fluctuations in this range at fre-
quencies above 100 kHz. The cross-power spectrum~Fig. 1!
indicates that fluctuations with frequencies above 20 kHz
make virtually no contribution to transport. Forr50.8a, and
with the power concentrated atm51, n56, theki spectrum
peaks in the rangeki51–2 m21 and falls to zero in a narrow
band around this range. Under this circumstance, the spec-
trum is like that assumed in deriving Eq.~18!. Consequently,
the ion contribution to the flux dominates the electron com-
ponent and the heat loss is ambipolar.

~2! Assuming that the frequencies of the dominant mag-
netic fluctuations in the plasma frame are in the range of
measured frequencies~10–20 kHz!, v is somewhat larger
than the diamagnetic frequencyv

* e
. The convective ion

component is therefore modestly larger~by a factor of;6!
than the conductive component, for comparable density and
temperature gradient scale lengths. Of course, this conclu-
sion must be regarded with caution because the frequency
spectrum has rotation-induced Doppler shifts. However, it is
quite possible that the frequency of the dominant modes, as
measured in the plasma frame atr50.8a ~where there is
little rotation!, is given primarily by the rotation rate at the
resonant surfaces of the dominant modes. It also appears that
the temperature is weaker than the density gradient, further
favoring the convective component over the conductive com-
ponent.

~3! For the frequency and wave number ranges presented
above, the phase velocityu5v/k0 is comparable to the ion
thermal velocity, making the factorv/v ik0 close to unity. The
ion diffusivity is thus close in magnitude to the Rechester–
Rosenbluth diffusivity, while the flux carries an ion stream-
ing factor.

~4! On the basis of inferred spectrum shapes, it is pos-
sible to predict the radial dependence of the heat flux in a
RFP. Moving inward from the edge, theki spectrum shifts
towardki50 as the distance to the resonant surfaces of the
global tearing modes decreases. Approaching these surfaces,
the spectrum first overlapski50 and then peaks atki50. In
this process, the heat flux goes from being ambipolar, with
the loss rate fixed by an ion thermal velocity, to nonambipo-

lar, with the rate governed by the electron thermal velocity.
The magnitude of the heat flux therefore rises dramatically in
moving from the edge into the core. This is consistent with
observations, which indicate a sharp rise in heat flux as ra-
dius decreases. It is also consistent with the rather flat tem-
perature profiles of the core region and confinement con-
trolled at the edge. These qualitative statements are validated
by a more quantitative analysis based on the central tempera-
ture response to sawtooth events, as seen by Thompson scat-
tering. Using a Rechester–Rosenbluth expression with cen-
tral values for the magnetic fluctuation amplitude, pressure,
and gradient scale length, the temperature response is well fit
using the electron thermal velocity.17 This discussion may
also have some bearing on magnetic fluctuation-induced
transport in tokamaks. In tokamaks, it is generally assumed
that theki spectrum either peaks about zero or has a signifi-
cantki50 component. However, if the fluctuation energy is
concentrated at low-order surfaces and these are sufficiently
separated radially, it is possible that the heat flux makes a
partial transition from being dominated by the electron term
to being ambipolar constrained. This would result in regions
of better confinement interspersed with regions of poor con-
finement, despite the absence of good flux surfaces. Recent
observations on Continuous Current Tokamak18 are consis-
tent with such an effect.

Two points relating to the frequency dependence of the
heat flux are also worth making. The first concerns the Lun-
dquist number scaling of the flux. Normally it is assumed
that the flux scaling is governed by the scaling of the power
spectrum. However, when theki spectrum peaks away from
ki50, the flux depends on the frequency. It is conceivable
that the frequency has some Lundquist number dependence.
The second point is to note the isotope scaling of the heat
flux. The thermal velocity dependence of Eqs.~15! and~16!,
in conjunction with velocity multiplier in Eq.~11!, is some-
what unfavorable in its isotope scaling. However, the fre-
quency likely has a favorable isotope scaling based on ob-
served decreases of sawtooth frequencies in going from
hydrogen to deuterium.

The points discussed above represent significant areas of
plausible agreement between theory and experiment. This
agreement cannot be expected for theories that ignore the
nonlinear bunching of electrons. Clearly, more information is
needed to determine the frequency of the tearing mode fluc-
tuations in the plasma frame. This necessarily requires sort-
ing out the frequency spectra of the dominant lown modes
in relation to sawtoothing, rotation, diamagnetic effects, and
aliasing from highn modes.

In summary, measurements of the magnetic fluctuation-
induced electron heat flux in MST indicate that it is predomi-
nantly convective and its rate is governed by the ion thermal
velocity. This result does not agree with common theoretical
expectations that hold that electron heat loss is not subject to
ambipolar constraints, allowing the loss rate to be governed
by the electron thermal velocity and favoring conductive
heat loss over convective heat loss. In this paper, we have
proposed an explanation for the observations based on a
proper accounting of the effects of nonlinear electron bunch-
ing. This leads in a natural way to ambipolar constraints.
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Magnetic turbulence in MST appears to offer the first experi-
mental evidence for such constraints in three-dimensional
~3-D! magnetized plasmas. Theoretical expressions for the
heat flux that include bunching are consistent with the ex-
perimental observations, within experimental uncertainties.
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