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Abstract

Sawtooth induced heat and density pulse measurements reported in the literature for
the JET and TEXT experiments are addressed. Whereas in JET the heat pulse travels
ten times faster than the density pulse, in TEXT both pulses travel at the same speed.
The measurements are analysed using coupled transport equations for energy and
particles. It is shown that the different behaviour of the density pulse in the two
experiments can be attributed to differences in the off-diagonal elements of the
transport matrix. If the perturbed fluxes of heat and particles are expressed as linear
combinations of the thermodynamic forces Vp and VT (rather than Vn and VT), the
corresponding transport matrices are remarkably similar. However, minor differences in
this transport matrix between TEXT and JET account for the qualitative difference in
the density pulses.



Heat and density pulses in TEXT

Introduction

Perturbative experiments have become a widely used technique in the study of
the transport properties of tokamak plasmas [1]. There are two important differences
between steady state transport analysis and perturbative transport experiments.
Firstly, in the latter case the incremental diffusivities are evaluated, which may differ
substantially from those found by the analysis of steady state profiles. Secondly,
perturbative experiments allow an assessment of the possible coupling between heat
and particle transport. Experimental data pertinent to the study of coupled transport
have been obtained in JET and TEXT, by simultaneous measurements of sawtooth
induced heat and density pulses.

The measurements in JET have been analysed using coupled equations for heat
and particle transport [2,3]. It was shown that non—zero off—diagonal terms in the
transport matrix are required to describe the data. The heat pulse in JET is an order of
magnitude faster than the density pulse, yielding a large value of the ratio (x/D)inc.
However, in TEXT the heat and density pulses propagate at the same speed through
the confinement region. It is claimed that this is evidence for coupling of heat and
particle transport [4—6], but no data analysis which takes coupling into account has
been reported.

In this Letter we first present an analysis of the TEXT data in terms of coupled
transport, using the analysis techniques developed at JET. Then we compare the
TEXT and JET results, and show that no fundamental differences exists between the
two experiments.

Summary of experimental results

In TEXT the density pulse is measured using a high—resolution multichannel
interferometer system and the heat pulse is measured with a soft X—ray detector array.
The density and temperature perturbations are observed to be transported out through
the confinement zone at the same rate with nearly identical pulse shapes [4—6]. The
initial perturbation of the electron temperature is typically 3 times larger than the
perturbation of the density profile. It is reported however, that in low q, discharges in
TEXT and in plasmas near the density limit the heat and density pulses are not
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identical [4]. In this case the perturbation of the electron density is 1 to 2 times smaller
than the temperature perturbation. Analysing the data without accounting for
coupling, typical values of yinc and Dinc are found in the range 2 to 6 m2/s exceeding
the values obtained from power balance analysis by a factor 2 to 5. The value of Dinc
deduced from density pulse propagation is 2 — 5 times larger than the value of Dinc
from oscillating gas puff experiments and ECRH power modulation experiments in
TEXT, which is typically 1 m2/s [7].

Coupled Transport

Since the scale-length of the perturbations is small compared to the gradient
lengths of the steady state profiles, the highest order spatial derivatives dominate the
transport equations. As a result the propagation of heat and density pulses can be
described by a set of two diffusion equations [2,8,9]:

%: Avig (1)

with
— n,/ Ilo]
[ T,/T
where n; and T, are the perturbations of the equilibrium values ny and T, respectively.
The representation of the particle flux (-I'=DVn) and heat flux (—q=n)¥T) is general
since we allow the diffusion coefficients x and D to be functions of the local plasma

parameters. As a result only dependences on Vn and VT appear in the linearised
transport matrix;

A= (2)

defining
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Dinc= D + g%vno xincs y + %TVTO (3)

The spatial distributions of the initial perturbations of the electron density and
temperature, induced by the sawtooth are to good approximation identical. Hence, the
ratio @ = (ny/ng)/(T;/Tp) is independent of the minor radius, and the initial
perturbations can be represented by a vector in the n;/ng — T{/T, plane (see Fig.1).
The eigenvectors of the matrix A are also shown in Fig la. If the initial perturbation
vector coincides with one of the eigenvectors, the relaxation is an eigenmode of the
coupled equations. The evolution of the temperature and density profiles is described
by a single diffusion coefficient, and the heat and density pulses travel at the same
speed and have identical shapes. In general however, a sawtooth collapse excites a
combination of the two eigenmodes (see Fig.1a).

Analysis of TEXT heat and density pulses

The heat and density pulses at TEXT are transported out through the
confinement zone at the same rate and have identical shape at every radial position:

Ill/no (t) = Tl/To (t)

In terms of eigenmode analysis corresponds to the launching of a single eigenmode of
the coupled transport equations (see Fig.lb). Inserting this into the set of coupled
equations (1), the following relation between the transport coefficients can be derived

Ap—Ay = Apfa—alAy (4)

where the value of o at TEXT is normally quoted as 0.3 [4]. From this equation no
unique solution for the matrix elements can be found.

The TEXT data are also simulated with the analysis code developed at JET [3].
The off—diagonal term Aj, is difficult to determine from pulse measurements [3] and in
the calculations Ay, is assumed to be 2A,,/3; this represents the direct coupling due to
the energy carried by a particle flux. The off—diagonal term A;, is determined by a
least squares fit of simulated pulses to the data, for fixed Az (2 m2/s) and for the ratio
Ajz/Ay ranging from 1 to 10. The results thus obtained are in good agreement with the
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analytic expression eq (4) and are shown in Fig 2. The figure clearly demonstrates that
for Aga/A 1 (xinc » Dinc) the value of A;; changes very significantly by variation of
either As; or Aj;. This seems incompatible with the observation that the identical
behaviour of the heat and density pulses is maintained in a wide range of plasma
conditions.

The off-diagonal term A,, is stable for variations in the diagonal terms for
A2 > 2A,; (xinc > Dinc) and a satisfactory description of the TEXT data is obtained.
An important aspect is that in this case the density pulse is governed by the fast
eigenvalue, which is substantially higher than the slow eigenvalue. This could lead to
an incorrect interpretation of the data if coupling is not taken into account. In other
perturbative experiments (i.e. gas puffing) in TEXT [7] where different, or no,
temperature perturbations are generated, the evolution of the density is determined by
Dinc, In particular, for a larger value of a both eigenmodes will be launched. This may
explain the divergence of the heat and density pulses which is observed in low g, and
high density discharges, where a is increased to a value larger than 0.5 [4]. In this
interpretation, no estimates of the absolute value of A;; and Ay, can be obtained from
the TEXT heat and density pulse data. -

In summary the application of coupled transport analysis to the TEXT data
offers an explanation for a number of observations: the identical pulse shapes are a
necessary consequence of an eigenmode, launched by the sawtooth. Second, the
discrepancy between the diffusivity derived from the sawtooth induced density pulse
propagation and oscillating gas puff experiments arises from the fact that the sawtooth
driven density pulse is governed by the large eigenvalue of A , whereas the density
pulses driven by oscillating gas puff and other perturbative experiments yield a value
corresponding to the smaller eigenvalue (v Dinc). Finally, the observed divergence of
the heat and density pulses in low q, and high density discharges occurs since both the
slow and the fast eigenmode are launched. This is due to the fact that in these regimes
the ratio (ny/no)/(T/Ty) is increased by a factor two [4].
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Comparison of TEXT and JET results, and Discussion

The effect of coupling from heat and density pulse measurements in JET is
observed as an initial decrease of the local density at the time the temperature
perturbation reaches its maximum [3]. A comprehensive numerical analysis of the data,
including possible perturbed sources and damping, confirmed the results of a
description of the pulses using eigenmode analysis [2].

From the heat and density pulse measurements in TEXT, only a limited amount
of information about matrix A can be extracted. In particular, the value of A;; can not
be obtained from density pulse measurements. To give a full evaluation of A, we shall
use the value of A obtained from oscillating gas puff experiments, i.e. A;; = 0.8 m2?/s
in the saturated density regime in TEXT (7]. This is justified within the framework of
the analysis, where any perturbation of the electron density should evolve with Dinc
(Ayy), in the absence of any temperature perturbation. With Ay, = 2 m2/s and Ay
taken to be 2Ay;/3, eq. 4 can be solved for A, and since Ag2/A;; > 2 this solution is
numerically stable. Thus, representative TEXT and JET [3] transport matrices are: ‘

A _|08 03 A _[03 0.5
TEXT — [ 0.5 2.0 JET — |02 20

Ay is larger in TEXT than in JET. This difference may be attributed, at least in part,
to the fact that the TEXT discharges are hydrogen plasmas, whereas in JET deuterium
is used. This isotope effect has already been reported in the literature [10]. Ay is
similar in both experiments. The most striking difference in the transport matrices is
that A2 is positive in TEXT and negative in JET. This difference can be observed
directly in the density pulse data for both experiment; Ajp = 0.3 in TEXT gives a
density pulse which is equal to the heat pulse, whereas in JET A;; < 0 causes a small
negative perturbation before the main positive density pulse [3].

In order to interpret this difference in sign of the off—diagonal term it is useful
to express the particle and heat fluxes as linear combinations of the gradients. From
thermodynamic arguments it can be shown that the relevant thermodynamic forces are
Vp and VT [11], which leads to:
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T = —Foffset + M][ 1%\‘0 Vp + Ml2 'IIl"g'VT
()
—qQ = —(offset + My, Vp + Mo no VT

Insofar as Vp and VT are the forces driving the transport, the matrix M is considered to
represent the fundamental transport coefficients and can be derived from matrix A,
yielding:

_ Ay A —Ay ]
M= [ 3Ay/2-An 3(An-Ayn)/2+ An—Ap (6)

M 0.8 —0.5]

_ 0.3 0.8
TEXT — | 0 2.8

MJET=[ 0 35

In this interpretation, the underlying transport as described by matrix M is
essentially the same in both experiments. The main difference is brought about by the
value of Dinc = A;; = My, which is larger in TEXT than in JET. This difference in
M;; results in the different signs of A;; in both experiments. A;; describes the net
particle flux driven by temperature gradients, and results from two competing effects: a
pressure—gradient—driven diffusive flux, which transports particles down the
temperature gradient (M;; > 0), and a temperature gradient driven flux, which
transports particles up the temperature gradient (Mj; < 0). As a result of the
difference in the sign of A,,, the eigenvectors of A in TEXT have a different orientation
in the ny/ny — T/T, plane than in JET (see Fig 1). Because the fast eigenvector in
TEXT lies close to the initial perturbation vector, the sawtooth collapse excites a fast
eigenmode of the coupled diffusion equations. We remark that the comparison is made
for typical heat and density pulses in TEXT and JET, a more detailed study is
required to confirm our interpretation.

It has been proposed by Hossain [12] and Bishop & Connor [9] that the
difference between the values of the transport coefficients obtained from steady state
~analysis and pulse analysis could result from the presence of non—zero off—diagonal
terms in the transport matrix. However, it has been shown in JET [2,3] that the
off-diagonal terms give only a small correction, up to 30%, to the values of Dinc and
xinc obtained from an analysis which does not take coupling into account. It is stressed
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that only the functional dependences of ¥ and D on Vn and VT can give rise to
incremental transport coefficients which differ significantly from the steady state
values. Finally, it should be realized that the ratio (x/D)inc cannot be used as a
measure for the steady state value of x/D.

Conclusions

The observation in TEXT that the heat and density pulses travel through the
confinement region at the same speed can be explained by the fact that the sawtooth
collapse launches a single eigenmode of the coupled transport equations; the
temperature and density pulses travel at the same velocity since both are determined
by a single eigenvalue. In contrast a sawtooth collapse in JET usually launches two
eigenmodes and thus temperature and density pulses are observed to travel at different
velocities. Analysis of heat and density pulses in TEXT shows, that if the result is
compared to previously reported results from JET, the underlying transport coefficients
are very similar, expressing the particle and heat fluxes as linear combinations of the
thermodynamic forces Vp and VT. The main difference seems to be that Dinc in TEXT
is larger by a factor 2 than Dinc in JET. This may be expected from the different
discharge conditions in the tokamaks.
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The initial perturbation of density and temperature can be represented by a vector in the
m/ny — Ti/T, plane and decomposed into eigenvectors of the linearised transport

la; In JET the eigenvalues differ by an order of magnitude so that one can speak of a
'fast’ and o ’slow’ eigenmode. The eigenvectors are such that the sawtooth launches both
fast and slow eigenmodes. The contribution of the fast eigenmode to the density

perturbation 13 negative.

1b; In TEXT a single eigenmode appears to be launched which indicates that the initial
perturbation is close to an eigenvector of the transport matriz. The contribution of the

fast eigenmode to the density perturbation is positive.
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Figure 2.

The value of Ay required to describe the TEXT data has been determined for values of
Aza/Ay ranging from 1 to 10. The solid curve represents the analytic expression eq.(4).
The points have been obtained by numerical simulation of the data. The error bars
indicate the sensitivity of the least square fit to variations in A;s.
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