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ABSTRACT.

Perturbations of the electronic temperature and density produced by Ion Cyclotron Resonance
Frequency (ICRF) power modulationin JET areanalyzed in terms of coupled transport equations.
The incremental heat diffusivity is an order of magnitude larger than the incremental particle
diffusivity. Off-diagonal transport playsasignificant role by coupling thetemperature perturbations
into the particle balance equation. These results are in close agreement with recent analyses of
heat and density pulse propagation following a sawtooth collapse.



1. INTRODUCTION

The determination of transport coefficients from the evolution of transient
perturbations is an area of active research in Tokamak physics /1/ One technique
which is frequently employed makes use of the perturbations generated by
sawtooth instabilities (“sawtooth pulse propagation”) /2,3,4,5,6/. A number of
important results have been obtained in JET by this technique /3,5/ , among
these:

1. The heat diffusivity inferred from heat pulse analysis x?, exceeds the heat
diffusivity derived from power balance analysis, y2* by a factor of 2 to 3,

2. xlr exceeds the particle diffusivity inferred from density pulse analysis, D,
by a factor close to 10,

3. Temperature perturbations generate density perturbations.

The first of these demonstrates that the heat flux is not proportional to the
temperature gradient, implying the existence of a “heat pinch” /7,8/ or a “critical
temperature gradient” /9/. The second result suggests that electrostatic
turbulence (which leads to y./D,~ | - 3) is not the dominant mechanism in
thermal transport /10/. The third result implies the existence of finite
off-diagonal terms in the electron transport matrix /5,6/.

[t has been suggested recently that effects proper to the sawtooth instability can
give rise to an “extended perturbation”, vitiating inferences about the underlying
transport /11/. Although the analysis in /11/ has been disputed /12/, it is
nevertheless important to demonstrate that the above results are not dependent
on the particular perturbative technique employed and are therefore not an
artifact of the sawtooth instability.

The results pertaining to the ratios y#/x2® and y%/Dg have been confirmed by
[CRF power modulation experiments /13/ and diagnostic pellet injection /10/.
In this paper we address the existence of off-diagonal terms in the electron
transport matrix. We show that ICRF modulation experiments confirm the
results of sawtooth pulse propagation analysis.

In section 2 we describe the [CRF modulation experiments and the analysis
procedure used to determine an electron transport matrix. In section 3 we present
the results. We summarize our results in section 4.



2. EXPERIMENT AND ANALYSIS TECHNIQUE

Figure 1 shows an overview of pulse 14613. This is a 2MA, 34T, D(He?)
discharge bounded by a material (C) limiter, in which a 1.5 sec. period of
sawtooth suppression (“Monster sawtooth”) is created by the application of ICRF
power (32 MHz) with the minority resonance near the magnetic axis. This
allows transport to be studied without the complication of periodic redistributions
of the temperature and density profiles due to sawteeth /14/. The ICRF power
is modulated with an approximately square wave form between 6 and 9 MW, at
4 Hz.

The electron temperature modulations are studied using a 12-channel ECE
polychromator /15/. The electron density modulations are studied using a
6-channel far-infrared interferometer /16/. The electron temperature and density
are Fourier analyzed to yield the local phase and amplitude of the components
It has been verified that the same results are obtained for the density
perturbations independently of the order of the Abel and Fourier
transformations, as should be the case since these transformations are linear.

The particle and heat balance equations are:

On,
<+ V.T, =5,
3n, T r
%(%)*_V.qgoﬂd_kv.(—;—]}re)— n: .VpezQe

where #, is the electron density, 7, is the electron temperature, p, = n,7T, is the
electron pressure, I, is the electron particle flux, g™ is the (conducted) electron
heat flux and S, and Q, are the net electron particle and heat sources. These
equations are solved numerically for harmonic perturbations of the particle and
heat sources, yielding simulations of the phase and amplitude of the temperature
and density modulations. We assume that the transport is described by a matrix
A defined by

L,/n, p vn,/n,
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The elements of A are assumed to be radially constant in order to reduce the
number of free parameters to a minimum. Since the transport coefficients are
determined only in a limited spatial range ( 0 < r/a < 0.3 ), this assumption is
reasonable. The diagonal transport coefficients, 4,; and A, correspond to the
incremental particle and heat diffusivities, Di* and yi. The off-diagonal terms
are a measure of the coupling between heat and particle transport. The elements
of the transport matrix are varied to obtain a fit to the data.

The ICRF power deposition ‘is modelled as follows: The coupled power at the
modulation frequency is obtained by Fourier analysis of the total coupled power.
80% of the coupled power (this is determined from the modulation of the total
plasma energy) contributes to central heating. The electron heating consists of
direct heating and indirect heating by collisions with minority ions. Both of these



components are assumed to have a gaussian profile with width W,. W, is, in
principle, a free parameter along with the matrix elements of A. Previous studies
have shown W, ~0.18m., in reasonable agreement with global wave and
Fokker-Planck calculations /13/, and this value is used here. The direct heating
power density is obtained from 07,/0t at the RF switch-on and switch-off times,
yielding a direct power fraction of 0.075. The remaining (indirect) power is
reduced by a factor 1/(l1 — iwts) to account for the slowing down time of the
minority ions ( ts is the classical (Spitzer) slowing down time. calculated in this
case to be 0.16 sec.).

The modulated electron source is assumed to be localized near the plasma
boundary, with a gaussian profile of width W,, which is adjusted to match the
observed density modulations in the outer half of the plasma radius. The phase
of the modulated electron source is determined by Fourier analysis of the
deuterium Balmer- a emission measurements.



3. RESULTS -

Figure 2 shows the measured and modelled phase and amplitude of the
temperature data. Figure 3 shows the corresponding density data. The
temperature phase has a minimum, and the amplitude a maximum near the
magnetic axis (3.2 m.). This confirms that the power deposition is peaked on axis.
A remarkable feature of the density modulation is that the amplitude also has a
maximum on axis. In the absence of coupling one would have to assume that
there exists a modulated source of electrons peaked on axis. However, as the
simulations demonstrate, this assumption is not necessary if coupling is taken into
account.

The calculated T, takes into account displacements of the plasma column caused
by modulation of the Shafranov shift, using the magnetic axis position as
determined by pick-up coil measurements and assuming a linear decrease of the
modulation amplitude with radius. A close fit to the data is obtained. Note that
the asymmetry about the magnetic axis of the 7, amplitude is attributable to
these displacements.

In order to simulate the density data as closely as possible, the calculated n,(r) is
integrated along the interferometer lines of sight. The resulting modulated
line-integral densities are Abel-inverted and compared with the data. Thus the
limited spatial resolution of the interferometric data is incorporated into these
simulations.

The transport matrix correspondingto the simulations is:

0.3 —-0.6
00 2.4 ) 0<rfa<0.3

A (m2 sec"l) = (
A direct comparison with the results obtained from the analysis of sawtooth pulse
propagation /6/ is not possible since in that case the transport matrix is
determined at a different minor radius (typically r/fa ~ 0.7). Nevertheless, the
two methods give very similar results. We find that yi* ~ y», and yi>Di~.
Regarding  the coupling of density and temperature modulations, we find
A~ —2A4,, ~ —0.6m3s7!, leading to a density modulation associated with the
temperature modulation having (n./n.) [ (T./T.) ~ —0.3, also in good agreement
with the sawtooth pulse observations.

Figure 4 shows the sensitivity of the simulations to the elements of the transport
matrix. A, (yi) and A,; are determined within about + 309/. The data are not
very sensitive to Ay (Di), but values larger than Im?sec™! can be excluded.
Indeed, the data favour A4;; < 0.lm3~}, in agreement with a recent analysis of
both electron and impurity transport which suggests that at small minor radii the
particle diffusion coefficients approach their neo-classical values /17/. As in the"
case of sawtooth pulse propagation, 4; can not be determined. In these
simulations we have taken 4; = 0, but the results are not significantly affected
if a symmetric transport matrix ( 4y = A;;) is assumed.



CONCLUSIONS

Simultaneous measurements of electron density and temperature on JET have
allowed the determination of a 2 X 2 transport matrix. This matrix represents the
simplest model of coupled transport and the only one accessible experimentally
at present. In general, electron transport could be driven by other forces (such
as the ion temperature gradient and the parallel electric field) so that the observed
coupling could result from perturbations to quantities other than the electron
density and temperature.

The existence of a non-zero off-diagonal element, A4,; in the transport matrix
implies that temperature perturbations are not “eigenmodes” . Thus, if a pure
temperature perturbation is launched, it does not remain a pure perturbation but
generates a density perturbation. This accompanying density perturbation is
transported at the same rate as the temperature perturbation. The ICRF
modulation experiment reported here shows that electron _temperature
perturbations generate density perturbations with (n./n.)/(T./T.) ~ —0.3,
corresponding to A;; ~ —0.6ms~1.

The effect of off-diagonal transport coefficients on the the determination of the
diagonal coefficients is small and gives rise to corrections which lie within the
error bars of the measurements. This is so because Ap>A4,, leading to
eigenmodes whose time-scales are well separated.

As noted in the introduction, the total particle and heat fluxes can not be
determined from the transport matrix, A, which relates incremental changes in
these fluxes to incremental changes in the density and temperature gradients.
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Fig. 1 - Time evolution of the coupled ICRF power, the electron temperature (at
R=3.15 m.) and the Abel-inverted electron density (at R=3.15 m.) in pulse
14613. The Fourier analysis is performed in the interval 48.8 to 49.8 s..
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Fig. 2 - Temperature phase (a) and amplitude (b) in pulse 14613. Circles -- data,
dashed line -- simulation without Shafranov shift modulation, solid line --
simulation with Shafranov shift modulation.
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Fig. 3 - Density phase (a) and amplitude (b) in pulse 14613. Circles -- data, solid
line -- simulation.
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