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ABSTRACT.

Reflectometer measurements of electron density perturbations produced by modulation of the
gasfeed are used to measure the el ectron source distribution and benchmark Monte-Carlo neutral
transport calculations. Ananalysisof thetemporal evolution of the electron flux calculated using
the measured source yields the diffusion coefficient, D, and the pinch velocity, V.. The radia
profiles and parametric dependencies of these particle transport coefficients are studied in ohmic
and L-mode regimes.



1. INTRODUCTION

Cross field particle transport is an important element of magnetic confinement
fusion research. Techniques for fuelling a tokamak, for controlling impurity
concentrations, and for removal of the ‘fusion ash’ will depend critically on the
nature of particle transport. Tokamaks are also subject to an operational density
limit beyond which a discharge disrupts /1/ or exhibits “"MARFE” behaviour /2/,
making control of the particle inventory and the density profile important.
Finally, theories of anomalous transport make predictions about the relation
between particle and thermal transport /3/. Hence the study of particle transport
also affords a basis for excluding some contending theories of thermal transport.

An accurate determination of the electron source distribution is an essential
prerequisite for the study of particle transport. The electron source profile arises
from a number of atomic processes: (1) the ionization of hydrogenic neutrals, (2)
ionisation of impurities and (3) recombination of both hydrogenic and impurity
ions. The contribution from neutrals is normally infered using neutral transport
codes /4,5/ and requires knowledge of plasma parameters and atomic
cross-sections. The contribution from impurity ionization requires knowledge of
charged-particle transport. Because of the large number of required parameters
calculations of the electron source are subject to considerable errors.

Experimental verification of these calculations is also unsatisfactory, as it relies
on charge-exchange measurements of the neutral particle distribution /6/, which
are not directly related to the electron source. or spectroscopic data, with
uncertainties arising from the interpretation of line intensities and the Abel
inversion of chordal data /7,8/. The short scale length of the electron source
makes the Abel inversion of quantities related to it particularly difficult.

In this paper we report the first direct determination of the electron source
distribution in JET from harmonic perturbations of the electron density produced
by modulation of the gas feed. This technique uses localised measurements which
can be directly related to the electron source distribution. We then present an
analysis of electron particle transport in JET -which is consistent with this
experimentally determined source.

In section 2 we discuss the analysis of the gas modulation experiments from which
the electron source distribution (and the electron diffusion coefficient) are
obtained. In section 3 the modulation data are presented. The measured source
is found to corroborate the results of neutral transport code calculations.
Integration of the particle balance equation using this source yields the electron
flux. In section 4 an analysis of the temporal evolution of the electron flux, in
terms of a transport model which consists of diffusive and non-diffusive terms, is
discussed. We find, in agreement with previous analyses, that both the diffusion
coefficient and the pinch velocity increase with radius and are strongly anomalous
at radii greater than rfa ~ 0.4. In section 5 this analysis is extended to a range
of JET discharges to study the parametric dependences of the transport
coefficients. The diffusion coefficient increases with electron temperature and
decreases with poloidal magnetic field. The pinch velocity is found to be
proportional to the diffusion coefficient. In section 6 we summarize our results
and draw conclusions.



2. ANALYSIS OF GAS MODULATION EXPERIMENTS

In the experiments reported here, modulations of the electron density are
produced by modulating the gas feed at 1 to 4 Hz. The modulations are
measured by a 12-channel microwave réflectometer /9/, which measures
displacements of the critical density layer corresponding to each reflectometer
frequency with a sensitivity of about 0.4 mm. Fourier analysis of the data
increases the sensitivity and yields the phase and amplitude of the critical layer
modulations. The amplitude of the local density modulations is related to the
amplitude of the critical layer modulations via the density gradient:

g P 0ny(R,;) [1]
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Because of this dependence, the amplitude of the density modulations is subject
to larger error than their phase. " The density gradient is measured by the
reflectometer itself, and also by a 6 channel far-infrared interferometer /10/ and
a LIDAR Thomson scattering instrument /11/. The density modulations are
accompanied by modulations of the electron temperature. These are measured
with a 12-channel grating polychromator /12/ and used to provide a consistency
check on the amplitude of the density modulations.

The Green’s function for the linearized particle balance equation with constant
diffusion coefficient is given by
a7,

5(}’ - rl)) icot
a[‘ —_——g .

=DV +
e 4ﬂ2i‘R

(2]

The solution is /13/:
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where « = (iw/D.)¥? and 1 and K are modified Bessel functions of a complex
argument. For an arbitrarily distributed source s(r, w the solution is obtained by
integrating the Green's function:

n,(r,t) = J.s(ro, ®) Zj (r, t, rg, @, D,) drpdew [4]

The electron source is assumed to be of the form: S, = S, » e"~9/4, Thus there are
3 free parameters: D,, S,, and 2. The physics of the problem is governed by the
dimensionless parameter y = A(w/D.)"2. For y<1 the localisation of the source
can not be resolved.

Note that the linearized electron source distribution is not necessarily identical
with the 0-th order distribution if impurity ionisation contributes significantly to



the source. Because non-hydrogenic species can not penetrate the discharge by
multiple charge exchange, the contribution of light impurities to the particle
source is shallower than that of the hydrogenic species and A is an upper bound
for the penetration of the 0-th order electron source.

3. MEASUREMENTS OF THE ELECTRON SOURCE DISTRIBUTION

Figure 1 shows the evolution of a 3 MA, 3.1 T, X-point discharge with 1 Hz
modulation of the gas feed. 7 channels of the reflectometer have critical densities
in the plasma. A least-squares fit to the data yields 1 < af40, where a is the
equivalent minor radius. Figure 2 shows the sensitivity of the simulations to A
The results are not sensitive to values of A < af20 (because y becomes too small)
and this should be considered as an upper bound on the source decay length.
Comparison with the density modulations infered from Abel inversion of the
interferometer data show that this diagnostic does not have sufficient spatial
resolution to resolve the particle source distribution. The modulation amplitudes
decrease rapidly with modulation frequency and the signals become noisy.
Nevertheless, similar results are obtained for modulation at 4 Hz: A =.af20. See
figure 3.

In a steady-state impurity-free plasma, the electron source can be calculated from
the rates of electron ionization and recombination:

S, = ne(nf + nf) <OoV>;—nn<av>p [5]

where n, and #»; are the densities of electrons and ions, nf is the neutra] density
transported from the edge by multiple charge-exchange, and n® is the neutral
density arising from recombination. The subscripts I and R refer to ionization
and recombination processes. For the discharges considered here recombination
is relatively unimportant and is neglected.

Figure 4 compares the electron source distribution calculated in this manner by
the 3-D neutral transport code AURORA3 with that determined by gas
modulation. The modulation results confirm the shallow penetration of the
electron source in JET. Note that the calculated source does not have a simple
exponential form. It has a tail which reflects the deep penetration of neutrals
through multiple charge exchange but which is not of sufficiently large amplitude
to contribute significantly to the particle balance. g

For the purpose of calculating the electron flux, the total electron source is
determined by normalising the source profile to D, measurements of the
deuterium ionization at the limiters and vessel walls. The contribution from
impurities is estimated assuming a continuous transition from Be (Z=4) being
the dominant impurity at low-Z,, to C (Z=6) being the dominant impurity at
high-Z..

4. ELECTRON FLUX ANALYSIS

Once the electron sourceé is known, the electron flux can be calculated from the
continuity equation:



on,(r,1)
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The forces driving the electron flux are not known. Various possibilities have
been discussed in the literature [14,15,16/. We adopt a conventional model
/17,18/ and express the electron flux as the sum of a diffusive flux and an
unspecified “convective” flux which incorporates any additional terms not
dependent on the density gradient:

" I,=-—DVn,+ nv, [73

With constant transport coefficients, equation 7 implies that a graph of the radial
electron velocity I'./n. versus the inverse density scale length — Vn./n, during a
density transient produces a straight line whose slope is D, and whose y-intercept
is V,. An analogous method has been applied to thermal transport analysis /19/.
This linear relation is shown in figure 5 for the gas-modulation experiment
discussed in the previous section, validating the ansatz for the form of the
electron flux. ' :

The calculated diffusion coefficient and pinch velocity are shown in figures 6 and
7. We note that the value of the diffusion coefficient at large radii is in good
agreement with the analysis of the reflectometer signal modulations described in
section 2, which yields D, =0.75m?sec! for the same discharge. Both the
diffusion coefficient and the pinch velocity increase with radius. In the outer
portion of the plasma the particle pinch velocity exceeds the neo-classical value
by nearly an order of magnitude. These characteristics were previously inferred
from the modelling of ICRF-induced density transients /4/.

Since the transients studied here are accompanied by high power heating and
large density excursions, this technique cannot be considered non-perturbative.
However, a comparison with coefficients obtained from non-perturbing
techniques such as sawtooth pulse propagation and injection of small pellets
shows good agreement with those from this method /3/.

The statistical error in the determination of D, is 10 %. The absolute error in
D, arises principally from errors in the density gradient and the electron source.
The error in the density gradient is estimated by considering the propagation of
errors in the Abel-inversion procedure (using the covariance matrix of the
expansion coefficients of the line-integrated density data). It gives rise to an error
of 40% in D, for 0.4 < r/fa < 0.8. The error in the electron source is estimated
assuming an error of a factor of 2 in the source scale length. At r/a = 0.7 this
leads to a 10% error in D,. These errors are partly systematic and can not be
added in quadrature. Thus the error in D, is approximately 50% at r/fa = 0.7.
The error tends to increase both at small radii, due to decreasing variation in the
inverse density scale length, and at large radii, due to increasing sensitivity to the
electron source distribution.

The most important source of error is the uncertainty in the electron density
gradient. However there is good agreement among the reflectometer,
interferometer and LIDAR (Thomson scattering) density profiles in this
discharge. See figure 8. (Note that the reflectometer profile is formally



double-valued at R ~ 4m., owing to the nature of this measurement which gives
the position of given density layers rather than the density at given positions.)

5. SCALING OF TRANSPORT COEFFICIENTS

In order to determine the scaling of the particle transport coefficients, the flux
analysis described in the previous section was extended to a number of JET
discharges covering the parameter range: 1.5< [, <6 MA,0< P <16 MW,
TelO< <n,> <4210 1.3< Z, <3.8. The data are in a narrow
range of toroidal field (2.9 < Br <3.27) so that any dependence on this
parameter can not be examined.

The analysis was restricted to transients having an excursion of at least 15% in
the parameter Vrn,/n, and yielding transport coefficients with a statistical error of
less than 30%.

A non-linear regression, using local plasma parameters, of the form
D,(rfa=0.T) = CBS T ZF (8]

yields oz = —0.3, ¢r= 1.1, and C = 0.24 when D, is expressed in my/sec., B, in
Tesla and T, in KeV. No marked dependence on density or effective charge is
found. Although this regression fits the data within their error bars (see figure
9), the errors in the exponents are of the order of the exponents themselves. This
is due to a colinearity in the data set which can be expressed as B, ~ 776, and
which subsits even though the data were specifically chosen to maximise the
variation of electron temperature at a given plasma current. For example,
dividing eq. 8 by ~ /B,/T?¢ only increases the RMS error by 15%. In
summary, the diffusion coefficient increases with electron temperature and
decreases with poloidal magnetic field, but the data are not of sufficient quality
to determine these dependences exactly. Similar dependences have been put
forward for thermal transport /20/.

The pinch velocity is found to be proportional to the diffusion coefficient,
suggesting that a common mechanism gives rise to both transport coefficients.
See figure 10.

6. CONCLUSIONS i

The good spatial resolution of the reflectometer measurements allows the electron
source distribution to be determined. The results confirm the shallow penetration
predicted by neutral transport codes. Electron particle transport in JET is well
described by a model of the flux which consists of diffusive and convective
components. The diffusion coefficient is one or two orders of magnitude larger
than the neo-classical value. It has a hollow radial profile and scales with the
electron temperature and inversely with the poloidal magnetic field. The particle
pinch velocity exceeds the neo-classical value by an order of magnitude at radii
larger than r/a ~ 0.4, and has a scaling similar to that of the diffusion coefficient.
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Fig. 1 -- Evolution of the gas feed, par{icle inventory and major radius of
neit= 2.5+ 101%n~3 in pulse 24248 (1. Hz modulation).
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Fig. 2 -- Modulation amplitude versus minor radius in pulse 24248.

Reflectometer data (circles), A = af5 (solid line), 4 = /20 (dotted line), 4 = a/80
(dashed line).
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Reflectometer data (circles), 4 = af5 (solid line), 4 = a/20 (dotted line), 4 = a/80
(dashed line).
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Fig. 6 -- Diffusion coefficient versus r/a from time-dependent flux analysis.
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