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1. Introduction:

An important objective in tokamak research is to find suitable
descriptions for the measured thermal and particle fluxes, and to identify
the underlying mechanism of transport. Many detailed models for transport in
tokamaks have been developed [1], which make specific predictions for the
correlations between the thermal and particle transport coefficients. In
order to exclude some of the contending models, accurate measurements of the
correlations are required. In order to reduce uncertainties arising from
shot-to-shot and spatial variations it is necessary to determine these

coefficients simultaneously in the same spatial region of the plasma.

In this paper we describe evaluation of electron thermal and particle
transport coefficients by three different methods satisfying the above
requirements: (a) analysis of inward propagation of electron temperature and
density perturbations produced when a small pellet is injected into the
plasma; (b) measurements of the velocity and damping of electron temperature
and density pulses propagating outwards following sawtooth col lapse; (c)
time dependent transport analysis applied to non-stationary plasmas.

In the following we present determinations of X and Dy for Ohmically
heated deuterium plasmas in JET, limited by the outer carbon belt limiters,
for the following range of parameters: Ig = 3MA, 2.8 < By(T) < 3.4,
1.5 € fa(10%® m™3) < 2.7, Te(0) = 3 keV and T;(0) = 1.5 kev.
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2. Determination of X, and D, by Pellet Injection:

Local thermal and particle diffusivities can be determined by analysis
of the propagation of electron temperature and density perturbations caused
by injection of a small pellet into the plasma [2] such that it penetrates
to the boundary of the plasma region best suited to this investigation,
0.5<r/a<0.8, where a is the plasma minor radius. The analysis is performed
in the region rC<r<rP, where p is the pellet penetration radius and r. is
the sawtooth inversion radius. Typically, in the investigations reported
here, 0.3<r./a<0.5 and rp/a = 0.7. 1In previous investigations [3,4] we have
shown that the radial propagation of electron temperature and density
perturbations generated by pellet injection may be representative of the
local transport properties of the target plasma.

Xo is determined by comparing the temporal evolution of the electron
temperature profile in the region rc<r<rp, with a simulation using a

diffusive model including sources,

{3/2In,(r) dkTe(r))/dt = - divQa. + S(r) P I
where
Qe = Xelr) nglr) VikIe(r)) + g cea2,
Op is a thermal pinch flux
S{r) 1is the thermal source

k is Boltzmann's constant.

Because the applied perturbation is s=mall, the thermal pinch and source
terms may be assumed to remain constant throughout the temperature profile
evolution, allowing them to be combined into an effective source, Sgrg(r),
~ s0 that eq.l becomes

(3/2)ng(r)d(KTe(r)) /dt = diviX(r)ng (r)V(KTa(r))] + Seg(r)

where

Seff = —leQP + S(r)

Tol(r,t) is deduced from measurements of electron cyclotron emission
(ECE) using two instruments, a scanning Michelson interferometer (KK1),which
gives a radial profile of T, every =15ms, and a 12 channel grating poly-
chromator (KK2) which measures the emission at 12 radial positions on a us
time scale. The electron density profile, ng(r), is constructed from far

infra-red (0.195mm)} interfercmetric measurements of line-integrated density
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along six vertical chords through a poloidal cross-section of the JET
plasma. The source term Sgre(r) is calculated for the equilibrium, pre-
pellet plasma where Tq(r) = ng(r) = 0. The initial condition for solving
eq. 1, Talr,t=0), nglr,t=0), the temperature and density profiles instantly
after pellet injection, are determined from measurements of Te(r), ne{r),

pellet mass, ablation rate and penetration depth. The T and ng profiles

immediately before and after pellet injection are shown in fig. 1. The
pellet deposition profile is deduced from a model calculation of the pellet
ablation, the neutral gas and plasma shielding model [5,6) using as input
the temperature and density profiles of the target plasma. The calculation
reproduces both the pellet penetration, as seen by the soft x-ray cameras
viewing the pellet trajectory, and the maximum 1in the deposition, as
evidenced by the electron density profile measured immediately after pellet
injection. The product ng(r)Tg(r) immediately before and after pellet

injection agree within <10% over the profile, and Jane(r)Te(r) 2nrdr before
and after pellet injection agree within <2%. During the evolution of Te(r,t)
the perturbed density profile, fig. 1, is assumed to be stationary. This is
justified because the density perturbation travels much more slowly than the
temperature perturbation, as will become clear in the following. The source
Seff(r) is also assumed to be unchanged; the pellet injection events chosen
for this analysis are such that the perturbations in total radiated losses
and cohmic input power are small.

The modelled Tq(r,t) evolution in the region of interest is found to
be sensitive to the local value of Xg. We assume Xo(r) E X1 + alr/a)bi,
where o and B are such that in the measurement region X 18 nearly constant;
and increases sharply in the outer region of the plasma. Such a form is
suggested by power balance calculations. X, is iterated until good agreement
with the measured To(r,t) is obtained. Fig. 2 shows a comparison of the
measured and modelled Telr,t) at three different radii r<r,. A value of
Xg = 2.8 % 0.3 m?/s is deduced at 0.5¢< r/a <0.6.

In an analagous manner Do is determined by comparing the evolution of
the electron density profile with a simulation using a diffusive model
including sources,

dng(r)/dt = -divl(r) + Sg(r) .ee 3
where
I(r) = -Dafr) Ung(r) + Iplr) N

Selr) is the electron source
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The pinch flux is expressed as I, = ng{r)Vp(r). The diffusion coefficient is
parameterised as Do(r) = Dyll + a(r/a)Bl, so that D(r) is minimm in the
core, and increases towards the plasma edge. This form for D(r) is justified

by our previous measurements of density profile dynamics in JET [7,8].

The electron source S,(r) is given by ionisation of neutral H/D in the
plasma, the neutral density profile established by recycling at the plasma
edge and penetration by multiple charge exchange. The neutral density
profile is determined by a 1-d neutral transport code from which an electron
source profile is deduced. The electron source profile is calibrated at the
edge using the ionization vrate determined from the absolute H,/Dy
measurement [7,8]. Spectroscopic measurements suggest that impurity

ionization contributes half of the total electron source. This is taken into .

account by multiplying the H/D ionization source by a factor of two. The
calculation of Du(r) is carried out as follows. Do{r) is specified for the
equilibrium ng(r) before the perturbation. With the appropriate total S,(r),
the pinch velocity Vp(r) is self-consistently calculated. Using these values
of Dalr), Vp(r) and Sal(r) the evolution of the perturbed ng(r,t) is
calculated and compared with the measured na(r,t). The value of D, is
iterated until a good match is achieved. The initial condition, nglr,t=0),
is determined as described earlier. For the same pulses analysed above for
X¥ar & value of Dg = 0.4 ¢ 0.1 m®/s is deduced at 0.5s r/a <0.6. The
corresponding V{(r) = -V,(r/a)® with V5 = 1 m/s. These values are consistent
with previous measurements [7,8]. The above determinations of X, and D,

performed simultaneously for the same pellet event yield Xo/Dg = 7.0 & 2.5,

3. Determination of X, and D, fram Sawtooth Propagation:

Here the temperature and density perturbations are caused by the
naturally occurring sawteeth. The local electron thermal diffusivity X, is
determined by analysis of the electron temperature perturbation which takes
the form of a heat pulse propagating outwards from the mixing radius (rp)
after a sawtooth collapse, a technique described in detail in [9]. Tafr,t)
is determined using the KK2 instrument in which the electron temperature is
deduced from measurements of electron cyclotron emission. Two parameters are
derived, a heat pulse velocity and a damping rate of the pulse amplitude. X,
is determined by comparison with simalations of these parameters using a
diffusive model including sources. The temperature and density profiles are
measured immediately before the sawtooth crash. The initial condition for
the temperature profile evolution is obtained by flattening the
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temperature profile to its value at the sawtooth inversion radius (r.)

out to the mixing radius such that the perturbation conserves energy:

OI SE(r) 2mnrdr = 0, as shown in fig. 3.

Fquation 1 is solved, ignoring variations in density. This is
justified since the thermal perturbation travels 5-10 times faster than the
density perturbation, and the density perturbation is much smaller.
Typically for the conditions studied here, §To(0)/Te(0) = 0.1 and
8na(0)/ng(0) = 0.02. Farthermore the sources (and sinks) are assumed to
remain unchanged during the pulse propagation. These assumptions reduce
eq. 1 to a diffusion equation in the perturbed temperature only. Fig. 4
shows a comparison of the measured and‘ modelled heat pulse propagation.
Measurements are made in a region of the plasma bounded by the normalised
minor radius 0.6<r/a<0.8 and, to increase the s=ignal to noise ratio of the
KK2 instrnment, averaged over several sawteeth for a period of <ls. The
rmodel calculation is done in the JET plasma geometry and X, is assumed
constant over the measurement region. From the analysis of a number of
discharges a value of X, = 2.9 £ 0.4 n?/s 1is deduced.

The electron particle diffusivity D, is determined in a similar manner
by measuring the propagation of a density pulse following a sawtooth
collapse, the density perturbation observed using a reflectometer, as
discussed in detail in [10]. The diffusing perturbation is clearly seen at
all positions outside the mixing radius (ry). The delay time of the pulse to
reach each position is compared with predictions of a diffusive model in
which the equilibrium electron density profile is periodically flattened
ingide the mixing radius, in the same manner as done above for the electron
temperature. The density pulse propagation is modelled using a diffusion
coefficient Do, a pinch flux Fp = -Dgngr/a® and an edge recycling
coefficient Rx1l. These parameters are all assumed to remain constant during
the analysis which continues over several sawteeth, with periodic
flattening of the density profile, wuntil a guasi steady-state is attained.
The value of D, is iterated until the calculated delay of the density pulse
matches the measured value in the region r<r<0.85a. Analysis of the same
discharges used above for the determination of X., gives
Do = 0.4 #+ 0.2 n*?/s. The above determinations of D, and Xg performed in the
same discharges, covering the same spatial and temporal regions, yield
Xa/Da = 7.3 + 3.2.



4. Determination of X and D, from time dependent transport analysis:

Thermal and particle transport in JET have been described by

expressions of the form [11,7]

O(r) = -X{rin(r) vI{r) + Qp(r) esad,
re(r) = _De(r)vrle(r) + rp(r) oo-6c
Where Q and ', are the heat and particle fluxes

X and D, are the diffusivities

Qp and Ty, are the convective ( pinch) fluxes

From these eguations we infer that a plot of Qg vs —nVT has a slope of
X and an intercept of Qp- Similarly D, and FP can be determined. Such 'flux
gradient' analysis has been carried out for steady state heat fluxes for
plasmas under various conditions [11]. This technique has been applied to
transient conditions by plotting successive time points, yielding the
particle transport coefficients. The transient is induced by injecting a
small pellet. Analysis of such discharges yields D, = 0.4 (+0.2,-0.1) n?/s
and -I'p = 1.4 (+H,-0.5) x10*® /m*.s.

5. Conclusions:

Table 1 summarizes the results of all the measurements described in
sections 2,3 and 4. The measurements yield Xg = 2.920.4 /s and
De = 0.4#0.2 n?/s, giving Xo/Dg = 7.2 + 3 at 0.5sr/as<0.7 in Ohmically heated
deuterium plasmas, limited by the outer carbon belt limiters, with
parameters Ig = 3MA, 2.8 s Bg(T) < 3.4, and 1.5 < na{10*® m™3) < 2.7,

- Efforts are in progress to determine X; directly by a method analagous to
that described in section 2, using pellet injection. Propagation of an ion
temperature perturbation is measured, as evidenced by neutron emission

perturbations viewed by a multi-chord neutron camera.



Table 1.

T
Method Xa (m?/s) Do (m3/s) Ty (10%° m—2s7%)
(a) 2.8 + 0.3 0.4 + 0.1 2.0 £ 0.7
(b) 2.9 £ 0.4 0.4 £ 0.2 -
+ 0.2 +5
(C) - 0-4 — 0.1 1-4 - 0-5

Where {a) Pellet Injection: 0.5s5r/ac0.6
" (b) Heat and density pulse following sawteeth: 0.6<r/a<0.8
(c) Time dependent transport analysis: r/a=0.7
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Fig.1 (a) Pre-pellet radial profile of the electron density (1); the pellet deposition profile
(3); and the total post-pellet density profile (2). (b) Pre-pellet radial electron temperature
profile (1) and post-pellet 7, profile (2). The profiles (a2) and (b2) are the initial conditions
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Fig.2 The temporal evolution of the electron temperature at different radii (+/a} atter
injection of a pellet. The full line is the measured 7, and the dashed line is the modelled

evolution.
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Fig.3 Electron temperature evolution during a sawtooth
crash: at times, tl- pre-crash, t2- initial condition for the
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Fig.4 Comparison of the measured and modelled time for arrival of
the peak of the heat pulse, A#{ms), following a sawtooth crash vs. the
major radius R. R, is the position of the mixing radius. The sensitivity
of the model calculation to errors in the input parameters is indicated.





