VOLUME 68, NUMBER |

PHYSICAL REVIEW LETTERS

6 JANUARY 1992

Inward Energy Transport in Tokamak Plasmas
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Peaked electron temperature profiles are observed in the DIII-D tokamak during electron cyclotron
heating despite the fact that > 75% of the input power is deposited significantly off axis. Power balance
analysis indicates a net inward flow of energy for electrons. An inward energy flow is not compatible
with diffusive or critical gradient models. A time-dependent perturbation technique is employed to esti-
mate the conductive loss and the nondiffusive part of the energy transport. The nondiffusive component
of the transport appears only at radii smaller than that of the heating location.

PACS numbers: 52.25.Dg, 52.25.Fi, 52.55.Fa

Transport of energy and particles across magnetic flux
surfaces in controlled nuclear fusion experiments has
been known for many years to be anomalously large [1].
Anomalous here refers to comparison with theoretical
predictions based on classical collisions such as neoclassi-
cal theory, which includes the effects of the magnetic
geometry [2,3]. Theoretical work to explain this anoma-
lous transport has focused on calculations of enhanced
diffusion due to turbulence generated by small-scale in-
stabilities [1,4,5]. It is normally assumed that time evo-
lution of the temperature T of each species in the pres-
ence of this turbulence is still governed by an equation
which has the same form as the fluid equation [6]:
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where q is the heat flux. The heat sources and sinks are
combined into Q. In the diffusive model, the heat flux ¢
is assumed to be proportional to VT and the proportional-
ity constant is the thermal conductivity x. The thermal
diffusivity y is related to x by x=ny. The diffusivity
could be a function of T and VT, which makes the equa-
tion nonlinear, and could also be a function of n and Vn,
which couples the density and temperature evolution [7].
The work reported in this Letter suggests that the as-
sumption that the transport of energy across the magnetic
field can be described solely by a (nonlinear) diffusion
equation is not valid.

The experiments reported in this Letter were per-
formed on the DIII-D tokamak [8]. The discharges ana-
lyzed here are all single-null diverted with L-mode con-
finement. Typical parameters are major radius R =1.7
m, minor radius @ =0.62 m, toroidal field By =1.7-2.0 T,
and elongation kmMup =1.9.

Electron cyclotron heating (ECH) is an excellent tool
for studying energy transport. The power is deposited ex-
clusively in electrons by direct absorption. Because the
absorption process is resonant, the location of the power
deposition is well known and the radial spread of the
power is determined by the antenna optics and refraction
of the waves in the plasma. The heating location can be
easily varied by changing the location of the resonance or
by illuminating a different portion of the resonance in the
plasma. In the cases reported here, > 75% of the total
input power (ECH+Ohmic) is deposited outside the reso-
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nance location. The predicted first-pass absorption of the
ECH has a narrow deposition profile with full width at
half maximum < 10% of the minor radius. The DIII-D
ECH system was configured for launch of the extraordi-
nary mode from the high-magnetic-field side of the plas-
ma at 60 GHz. The waves are absorbed at the funda-
mental resonance where the total magnetic field is 2.14 T.
The total ECH power launched was < 1.25 MW.

The traditional starting point for experimental trans-
port studies is a radial power balance analysis. For
steady state, Eq. (1) implies that the net energy input is
balanced by the heat flux. The heat sources and sinks are
measured or calculated, so the heat flux in the radial
direction is determined by integrating once over their ra-
dial distribution. Having obtained the heat flux by in-
tegration, an effective diffusivity, B, can be derived by
dividing by the measured nVT. The power balance
analysis presented here is performed with the transport
code ONETWO [9]. The measured electron and ion tem-
peratures, electron density, effective ion charge, and radi-
ation profiles are input, along with the magnetic geometry
determined from magnetic probe measurements. The
electron-ion exchange term is assumed to be classical,
and the Ohmic input power is evaluated using neoclassi-
cal resistivity and the calculated current profile. The
ECH deposition is calculated with the TORAY ray tracing
code [10] following thirty rays to model the antenna pat-
tern.

The experimental electron temperature profile shown in
Fig. 1 provides immediate evidence of transport not in ac-
cord with purely diffusive models. Previous work [11] has
shown that for diffusive transport the temperature profile
should be flat inside of the heating location if the off-axis
heating is the only power input. In this case, calculations
indicate that more than 80% of the input power is depos-
ited outside of p=0.5 (p is the radial magnetic coordi-
nate), yet the electron temperature profile remains
peaked. The anomaly is also evident in the lack of de-
crease in confinement from the value obtained for central
heating. The electron heat flux for p < 0.5 calculated by
the power balance method is clearly negative as shown in
Fig. 2. The error bars are determined by varying the ex-
perimental profiles individually by their 1o uncertainties
and recalculating the power balance. The errors are com-
bined assuming they are uncorrelated. A dramatic rever-
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FIG. 1. Experimental electron temperature profile as a func-
tion of the radial magnetic coordinate p measured by electron
cyclotron emission and Thomas scattering. The plasma param-
eters are 1=2.2x10'"" m ™3, By =1.7 T, plasma current / =600
kA, and Pecu=1.25 MW. The calculated power deposition
profile for the ECH is also shown. The dashed curve is a simu-
lation which is discussed in the text.

sal of the electron heat flux occurs at the ECH resonance
location (p,es) as indicated in the figure. No correspond-
ing change in the radial dependence of the ion heat flux
is seen. In the region p=0.3-0.5, this power deficit is
greater than the uncertainties in determining the sources
and sinks. To our knowledge, this is the first measure-
ment of radial heat flux reversal in a tokamak plasma.
Clearly, the calculated diffusivity is negative, indicat-
ing “diffusion” in the direction in which the temperature
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FIG. 2. Power balance calculations of the electron and ion
heat fluxes and the neoclassical electron heat flux as a function
of p for the same discharge as in Fig. 1. The ECH deposition
profile is shown again for reference.

increases. There must be some outward diffusion or con-
duction present, at least at the magnitude predicted by
neoclassical theory. Therefore, the existence of two or
more energy transport mechanisms is postulated, one of
which is very effective in transporting energy to regions of
higher temperature. This transport mechanism is clearly
not diffusive, since diffusion would act to equilibrate the
temperature everywhere.

To separate the various transport mechanisms, another
method must be found to estimate the magnitudes of the
individual components. The power balance analysis
determines the net heat flux, but cannot reveal the con-
stituents of that flux. A time-dependent perturbation
technique to determine the perturbed conductive losses
has been applied to these same discharges [12]. The re-
laxation to the new equilibrium after a step turn-on of the
ECH is observed. This relaxation occurs over many
sawtooth periods. The temperature in the energy equa-
tion is written as To(p)+ T, (p,t), where To(p) is the
equilibrium temperature profile during ECH. For 8n/d¢
=0, the equation
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is solved. To obtain Eq. (2), it is assumed that the ap-
proach to equilibrium is dominated by diffusion. This
does not preclude a nondiffusive term in the equilibrium
energy balance. The calculated perturbed and power bal-
ance conductive fluxes can be compared by evaluating an
effective y in each case. These are illustrated in Fig. 3.
Notice that the time-dependent yx is well behaved through
the resonance location and agrees roughly with the
power-balance y outside the resonance location. In-
clusion of effects such as a temperature-dependent y can
bring these two measurements into agreement, but this
would not substantially alter our conclusions.
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FIG. 3. Effective thermal diffusivities as a function of p from
power balance (PB) analysis and time-dependent (TD) analysis
for the same discharge as Figs. 1 and 2.
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In order to estimate the magnitude and location of the
nondiffusive transport and its variation with external pa-
rameters, the conductivity inferred from the time-depen-
dent analysis is assumed to be indicative of the equilibri-
um conductive loss. There are systematic errors intro-
duced by this assumption, but this method should be
sufficient to indicate the relative properties of the non-
diffusive transport and to give an estimate of its magni-
tude. The first application is to input this conductive loss
in the transport code and allow the electron temperature
to relax while the ion temperature, current, and radiation
profiles are held fixed. The resulting electron tempera-
ture profile is shown by the dashed curve in Fig. 1. The
calculated central electron temperature is almost a factor
of 2 lower than the experimental value, and the profile
has the expected shape for predominantly off-axis heat-
ing.

The power flowing inward at any radial location can
also be calculated with the assumption that »JP is the
equilibrium diffusivity. The power balance is solved for
the “auxiliary” power density required to support the ob-
served temperature profile against the assumed conduc-
tive loss:

Quux= *v'”ez;rDvTe +Qrdt+ Qi —Qa, (3)

where Q.4 is the radiated power density, Q. is the
electron-ion exchange term, and Qq is Ohmic power den-
sity. This auxiliary power is shown in Fig. 4 along with
the calculated ECH and Ohmic deposition profiles. In
the event that there is no inward transport, Q,,x should
match Qgcn. The power inside p=0.6 is sufficient to
support the observed temperature profile; it is simply in
the wrong place. Therefore, there must be a nondiffusive
transport mechanism which very efficiently carries energy
inward against temperature gradient.
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FIG. 4. Calculated power deposition profiles for Ohmic
(chain-dashed), ECH (dashed), and ‘‘auxiliary” power (solid)
as a function of p. The auxiliary power is defined in Eq. (4).
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In order to understand further the nature of this
nondiffusive transport, the effect of changing the location
of the ECH deposition was examined. The nondiffusive
flux is defined as

qﬂoque + ”el;rDVTe 5 (4)

where q, is the power-balance heat flux. The radial
dependence of the inward flux is shown in Fig. 5. These
curves -have a similar shape inside pr.s, but the magnitude
and location of the peak depend on the ECH deposition
location. At the outermost p,.s, the power flow is approxi-
mately equal to the incident power. Also shown in Fig. 5
is a case at 50% higher current with the same resonance
location. It is not clear that the difference in shape is
significant, but the magnitude of the peak is apparently
not a function of plasma current.

There are several issues which must be discussed with
regard to this analysis. If the ECH absorption were cen-
trally peaked, no inward transport would be required to
explain the peaked profile. Two observations refute this
hypothesis. First, the resonance and the antennas are on
the small-major-radius side of the magnetic axis. There-
fore, to give the auxiliary power profile indicated in Fig.
4, the waves would have to pass undamped through the
resonance where strong damping is predicted, only to be
damped in a region with no known damping mechanism.
Second, analysis of the initial rate of rise of the soft-x-ray
signals for these discharges, as well as heat-pulse phase-
lag measurements during ECH modulation experiments,
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FIG. 5. Comparison of the inferred inward power flow as a
function of p for discharges with different p.s and plasma
current. The solid curves are data from a resonance position
scan at constant current (600 kA). The heating location is ap-
proximately equal to the location of the peak. The dashed
curve is the inward power flow for the same heating location as
the middle solid curve, but at 50% higher plasma current (900
kA). The sawtooth inversion radius piny=0.1-0.15 for the 600-
kA discharges and piny =0.2 for the 900-kA discharges.
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indicates that energy is deposited at the location predict-
ed by the ray tracing code. No response is observed in
the center at the onset of the ECH pulse. Therefore, it is
highly unlikely the observed profiles are due to direct cen-
tral absorption of the electron cyclotron waves.

Another issue is the magnitude of the electron-ion cou-
pling. The measurement errors are included in Fig. 1,
but the electron-ion coupling is assumed to be classical.
Enhanced coupling only accentuates the new inward flow.
If the coupling is altered to reduce . and y; to neoclassi-
cal values, the energy flow from electron-ion coupling is
still in the usual direction, but is anomalously small. This
implies that either the transport or the coupling must be
anomalously small to explain these profiles. While it is
difficult to conceive an inward transport mechanism
which explains these data, it would appear to be much
more difficult to explain anomalously low electron-ion
coupling.

Sawtooth oscillations persist in all of these discharges
despite the large drop in direct central heating. The ratio
of the heating location radius to the sawtooth inversion
radius varies from 2.3 to 4.1 for the discharges shown in
Fig. 5. This would seem to eliminate the sawtooth as a
potential cause of the inward transport.

At present, there is no theoretical explanation of the
observations presented in this Letter. The data reported
here place severe constraints on possible theoretical ex-
planations. Net inward transport of energy cannot be ex-
plained by purely diffusive models even with y as a func-
tion of T, or VT,. Models with critical temperature gra-
dients are also excluded because these models still have
neoclassical conduction as a minimum outward transport.
Calculations of drift-wave transport including density
gradient driven heat flux can give net inward flow of the
electron energy [13], but a theory of this type which de-
pends only on local variables cannot explain the sensitivi-
ty of the flux reversal to the heating location rather than
the local fluid variables. Either there is a nonlocal trans-
port mechanism at work in these plasmas or the appropri-

ate local variables have not been identified.
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