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ABSTRACT.

Perturbations of the electron density and the poloidal magnetic field induced by sawtooth
instabilities are studied using interferometric and polarimetric data. The change in the safety
factor profile at a sawtooth collapse is deduced. It isfound that sawteeth do not lead to complete
reconnection of the poloidal flux since (Ag,)* ¥ < 1—q,. A comparison of the rate of change of
go between sawteeth with field diffusion calculations assuming neo-classical resistivity also
suggests that compl ete reconnection does not take place.



- INTRODUCTION

The behaviour of the safety factor profile in sawtoothing plasmas has
been the object of numerous experimental [1 — 8] and theoretical (eg.
[9,10]) investigations. Several experiments {6 — 8] have reported values
of the axial safety factor, g,, close to 1, but others [1 — 5], including JET,
have measured g, to be below 1, outside of experimental errors. The
latter results suggest that complete reconnection of the poloidal flux does
not necessarily take place at a sawtooth collapse. The mechanism which
would halt the reconnection process once it has begun is not understood.

In this context, one ambiguity associated with many of the measurements
stems from their lack of temporal resolution, so that the quoted values
of g, represent an average over a sawtooth period [3,4,6,7]. A value of
g, below 1 can then arise if g, remains below 1 throughout the sawtooth
period (incomplete reconnection) but it can also arise if g, is initially 1
after the sawtooth collapse (complete reconnection) but descends to a
value less than the measured value--perhaps through an anomalously
rapid diffusion of the current profile--before the next sawtooth collapse.

The aim of this paper is to quantify, through properly time- resolved
measurements, the change in the axial safety factor, Ag,, (and hence the
amount of reconnection) which takes place at a sawtooth. Since this
quantity can be related through field diffusion calculations to the value
of g, which obtains immediately following a sawtooth, a further aim is
to verify whether the measurements of Ag, are consistent with
measurements of the absolute value of ¢,

METHOD

The data used in this study have been obtained using JET’s 6-channel
far-infrared ( 0.195 mm.) polari-interferometer [11]. This instrument has
a Mach-Zehnder configuration (see Figure 1). A heterodyne detection
system with a 100 KHz modulation frequency is used. Thus the
line-integrated electron density, {n.dl, is measured with a time resolution
of 10 us. The Faraday angle, ~ [n.Bdl, is measured using a lock-in
technique and has a time resolution of 1 - 10 ms, determined by the
selectable integration time of the electronics. Because these times are
short with respect to the sawtooth period ( > 100ms ), sawteeth are clearly
discernible in the raw interferometric and polarimetric data, (see Fig. 2),



and it is not necessary to perform a coherent averaging over many
sawteeth in order to extract the signals.

In order to obtain maximum sensitivity to changes in the data, use is
made of the linearity of the Abel transform {12]. Thus the local change
in a quantity is calculated from the Abel-inversion of the change in the
corresponding line-integrals.

Following [13], the change in the Faraday angle at a sawtooth, Aa, is
written as a first order expansion In the parallel magnetic field, B;, the
electron density, #., and the integration path

Ae=A(C jneB]|dl = C J(Ane)B“dl + C jne(ABH)dl + C (AJ-) neBydl

where the last term takes into account the change in the Shafranov shift
which occurs at the sawtooth coliapse.

The change in the Faraday rotation angle due to the change in the
poloidal field is obtained by subtracting from the total change the
contributions from the perturbations of the density and the integration
path. These “reduced” differential data are then Abel-inverted to obtain
the change in the poloidal field in the same way that the total angles are
used to derive the total poloidal field.

Figure 3 illustrates the steps in the analysis. Abel-inversion of the
interferometric data yields the electron density profile (a). A smooth
curve is passed through the Faraday rotation data (b). Use is also made
of measurements of the poloidal magnetic field near the plasma boundary
and of symmetry properties implied by the flux surface geometry by
introducing “virtual” data points {11]. The poloidal magnetic field (c) is
obtained by Abel-inversion of the Faraday angles using the electron
density profile, and from this the safety factor profile (d) is calculated.
The change in the electron density profile (e) is calculated by
Abel-inversion of the change in [n.dl at the sawtooth collapse. The
contributions to the total change in the Faraday angles due to the change
in the electron density and the Shafranov shift are subtracted to give the
“net” contribution due to the change in the poloidal field (f). This is
Abel-inverted to yield the local change in the poloidal field (g) and the
corresponding change in the safety factor profile (h). An important
source of error is the perturbed electron density, which gives rise to a
change in the Faraday rotation angles that can be greater than the change



due to the perturbation in the poloidal magnetic field. It is estimated that
the change in g, can not be evaluated to better than + 507,

Note that the inferred change in the q-profile extends beyond the q=1
surface. This is in qualitative agreement with observations of sawteeth
in the presence of “Snakes” [14], which showed a radial contraction of the
q=1 surface during a sawtooth collapse. '

In the example shown here g, = 0.7 + 0.2 while (Ag,)%¥ =0.03 + 0.02.
Hence these measurements imply that complete reconnection of the
poloidal flux does not take place at a sawtooth collapse.

COMPARISON WITH FIELD DIFFUSION CALCULATIONS

In steady-state, the change in the g-profile at the sawtooth collapse is
balanced by an equal and opposite change during the period between
sawteeth. Thus the quantity (Ag,)“rse{1,, where 7, is the sawtooth period,
is a measure of the rate of current diffusion between sawteeth. (The
assumption of steady-state can be relaxed if the change in g, during the
sawtooth ramp rather than at the sawtooth collapse is considered.)

Figure 4 shows the behaviour (Ag,)*** as a function of 7, for a number
of 3 MA ohmic and ICRF heated JET discharges. The addition of ICRF
power (< 10 MW) lengthens the sawtooth period--leading ultimately to
“Monster” sawteeth [15]--and allows a range of over one decade in 1, to
be studied. '

With the assumption that the sawtooth instability leads to complete
reconnection, the evolution of g, may be modelled by solving the
diffusion equation: :

and introducing a periodic redistribution of the current density, j. This
calculation has been performed for the discharges considered above.
Cylindrical symmetry was assumed, and the Kadomtsev prescription for
the reconnection process [9] was approximated by flattening the current
density within the q=1 surface. The resistivity, # was computed using a
neo-classical expression, [16], and the measured electron temperature and
effective charge. The calculated change in ¢, during a sawtooth period



is shown as the upper band in Figure 4. The width of the band indicates
the scatter in these diffusion calculations. The relatively weak dependence
of this quantity on the sawtooth period results from the correlation
between 71, and the electron temperature in the data used here: for longer
sawtooth periods the q-profile has more time to evolve, but the rate of
diffusion is also slower.

For short sawtooth periods, the values of Ag, calculated assuming
complete reconnection are typically 2 to 5 times larger than the
experimentally inferred values. This suggests that the actual g-profile
following a sawtooth collapse is closer to the fully diffused state towards
which it is evolving (given by a radially constant electric field) than
complete reconnection would allow. Indeed, if sawtoothing is interrupted
in the field diffusion calculation, g, decreases rapidly at first and then
increasingly slowly as the electric field becomes radially more uniform
(Fig. 5). The lower band in Figure 4 shows the change in ¢, during a time
¢corresponding to a sawtooth period with g, initially equal to 0.75. Note
that for longer sawtooth periods, the rate of current diffusion is less
dependent on the precise initial conditions and it is not surprising that
the two bands begin to coalesce. However, for short sawtooth periods,
the lower band lies within the error bars of the measurements, while the
upper band does not. In this sense it may be concluded that these
" measurements of (Ag,)r°#P* are consistent with the measurements of ¢,
itself, which indicate that it is below unity even immediately after a
sawtooth collapse.

CONCLUSION

The perturbations to the g-profile induced by sawteeth have been studied
using differential interferometric and Faraday rotation measurements.
The magnitude of (Ag,)?°"#s implies that complete reconnection does not
occur in JET sawteeth both because it is much less than 1—g, and
because the rate of current diffusion between sawteeth which may be
deduced from it is inconsistent with an initial condition of g, =1
following the collapse.
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Fig. 1--Schematic of the vertical system of the JET interferometer.
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Fig. 2--Line-integrated electron density and Faraday rotation angle
measured on a central chord (R=3.02 m) during a sawtooth cycle. Also
shown 1s a Soft X-ray signal. (Pulse #20639, 3MA, 2.2T).
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Fig. 3--(a) Electron density profile. (b) Faraday rotation angles. (open
circles--data, crosses--virtual data points). (c) Poloidal magnetic field
distribution. (d) Safety factor profile. (e) Electron density perturbation.
(f) Squares--total perturbed angles, open circles--reduced perturbed
angles, crosses--virtual angles. (g) Poloidal field perturbation. (h) Safety
factor perturbation.
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Fig. 4--Change in g, versus preceding sawtooth period. Circles--data,
upper band--field diffusion calculation assuming complete reconnection,
lower band--field diffusion calculations assuming g, = 0.75 following the
sawtooth collapse.
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Fig. 5--Evolution of g, in the absence of sawteeth in a discharge with
L, =3MA, Br=34T,T,, = 4KeV,Zy= 1.3 |, under the assumption of
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neo-classical resistivity. Note that T: decreases as g, decreases.
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