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ABSTRACT.

The cery peaked pressure profilesin some pellet-fueled discharges with ion cyclotron resonance
heating (ICRH) in the Joint European Torus (JET) are terminated by an abrupt flattening oi the
temperature profile. This appearsto be the result of an instability with avery fast time scale that
istriggered when the safety factor q drops below 1.5. The ideal m/n = 3/2 infernal mode, which
is excited only when g is very close to 1.5; may well be the responsible instability. Linear
magnetohydrodynamic (MHD) stability calculations, based on equilibriathat model the relevant
JET discharges as closely as possible, yield growth rates consistent with the rise time of the
instability. Nonlinear calculations initialized with the same equilibria exhibit plasma behavior
very similar to that seen experimentally: (1) a flattening of the pressure profile occurs, (2) a
residual m = 3 structure is present after the flattening, and (3) the time scale for the flattening is
in reasonable agreement with experimental observations. It isthus concluded that theideal infernal
mode is an excellent candidate for the instability.



1. INTRODUCTION

In some pellet-fueled discharges with ion cyclotron resonance heating (ICRE) in the
Joint European Torus (JET'), an instability with ﬁ very fast time scale instability causes an
abrupt flattening of the central electron and ion temperatures [1}. The time dependence of
various plasma parameters during one such discharge (discharge 16211) is shown in Fig. 1,

with results from the predictive transport code WHIST (up to the time of the collapse) (2]

shown for comparison. During the first 1.3 s of heating with 6 to 8 MW of ICRH power .

following injection of a 4.0 mm diam, 4.0 mm long cylindrical pellet at 3.0 s, the elevated
core density decays gradually inside p/a < 0.6. The peaked portion of the density profile
is superimposed on a very broad baseline density profile. During this phase. the central
electron and ion temperatures increase rapidly (up to 12 keV and 10 keV, respectively,
in the best discharges). This results in an increase in the central plasma pressure by
approximately a factor of three {5(0) = 5%) above that seen in gas-fueled discharges and
gives rise to sharply increased pressure gradients in the plasma core. There appears to
be no degradation of confinement in the core during the first 1.3 s of auxiliary heating;
in fact, transport analysis shows that both particle and thermal diffusivities are strongly
suppressed in the core [3]. Asshown in Fig. 1, an abrupt collapse of the central electron and
ion temperatures terminates the enhanced confinement phase at 4.3 s and leads eventually
to a 20% decrease in plasma stored energy. Note that the central safety factor gy reaches
a value of 1.5 at about the time of the termination of the enhanced confinement phase.
We examine two discharges that showed this behavior: discharge 16211 (described
above), which we label A, and discharge 17749, which we label B. Discharge B had 2
large, abrupt increase in n = 2 magnetohydrodynamic (MHD) activity at the time of the
instability (a larger increase than for any other n). In one discharge (discharge 17689)
similar to discharges A and B, there was an m = 3 successor after the collapse. It is

thus assumed that the instability is m/n = 3/2. By looking at the rise time of the MHD



signals for discharge 17689, we can estimate the inverse growth rate for the responsible
mode to be =1 < 100 us. Using the plasma parameters of discharge A, we find that the
poloidal Alfvén time myp = 0.3 ys (THp « Ry/n/Br, R = 3.0 m, n = 0.6 X 1029 m~3,
and By = 3 T). Thus, the dimensionless growth rate is ymyp = 0.003. The resistive time
for the same discharge is TR ~ 4.3 x 10%s (rr x T%/2¢?, T = 12 keV, a = 1.2 m). The
Iﬁagnetic Reynolds number is large, § = ™ /map & 10'%, and a resistive mode should have
rather slow growth. Because of these conditions, we consider only ideal n = 2 modes in
this study.

Unless stated otherwise, all equilibria that we discuss are ballooning (n = oo) stable.
The toroidal geometry, nonlinear, resistive MHD code FAR {4] is used in our analysis, with
all results tested for convergence. In Section 2 the equilibria and the linear growth rates

are given. Nonlinear results are presented in Section 3.



2. EQUILIBRIA AND LINEAR RESULTS

The collapse of the central temperature in discharge A was studied by parameteriz-
ing the pressure p and g profiles taken from the time-dependent transport analysis code
TRANSP [3]. The TRANSP profiles are those just before the temperature collapse when
go =~ 1.5. The parameterized profiles and those from TRANSP are compared in Fxg 2,
The difference between the two is regarded as negligible. Small differences near the axis
result from the slightly hollow nature of the experimental current profile, which is due to
the bootstrap current as calculated by TRANSP. The inclusion of appreciable bootstrap
current could stabilize these modes near the magnetic axis by introducing shear. These
profiles, together with the parameters shown in Table I for discharge A, give an equilibrium
that is unstable to an m/ n.= 3/2 infernal mode [5] with a growth rate of ymgp = 0.0053.
This value is consistent with the estimate discussed in Section 1.

Figure 3 shows a variety of pressure profiles, including that given by TRANSP for a ¢
profile identical to that in Fig. 2. These pressure profiles were chosen to give a wide range
of pressure gradients in the plasma interior while maintaining a constant central pressure.
Equilibria were generated for each of these profiles. All are infernal mode unstable with
growth rates varving from 0.0050 to 0.0107; within a factor of three of the estimated
experimental value.

Discharge B was analyzed first by using an equilibrium from the IDENTC code [6],
which gives equilibria that match a variety of experimental parameters. The pressure
profile was much wider than those shown in Figs 2 and 3 for discharge A, and the equilib-
rium was n = 2 stable but ballooning (n = c0) unstable.

Data from the LIDAR system [7] indicated that the pressure profiles for these dis-
charges just before the temperature flattening were much narrower than those used in the
initial IDENTC calculations. Thus, the pressure profiles used to generate equilibria for the

study of discharge B were taken to bracket the profile in Ref. [7], as shown in Fig. 4. The



pressure profiles are plotted as a function of the distance from the magnetic axis outboard
along the midplane (normalized to unity at the plasma edge). The g profile was identical
to that used for shot A (shown in Fig. 2(b)). Other plasma parameters used are shown
in Table I. All equilibria for discharge B using these pressure profiles are infernal mode
unstable with growth rates somewhat smaller than those_for discharge A.

There are two significant differences between the two sets of equilibria: those for
discharge A have both higher 3. which is destabilizing, and larger elongation, which is
stabilizing. Thus, the effect of higher § is dominant in these calculations, since the growth
rates for discharge A are about a factor of t.T.VO larger than those for discharge B.

Figure 5 shows the instability velocity vectors at various points in the plasma for the
equilibrium with yrap, = 0.0053 discussed at the beginning of this section. This behavior is
typical of infernal mode instabilities. The length of the vectors can be taken as a measure of
the activity at any point. Thus, regions with longer vectors appear darker and are regions
of greatest instability, There is also some indication of instability near rational surfaces
away from the center of the plasma. However, the relevant instability in the cases that we
are examining here is in the center of the plasma, where the temperature flattening takes
place. Thus, these equilibria are unstable in a manner that is suggestive of the observed
behavior.

Perhaps the most dramatic signature of infernal modes is the sudden onset of instability
as qo (safety factor at the magnetic axis) passes through low-order rational values. The
linear growth rate as a function of ¢¢ in the vicinity of g9 = 3/2 is shown in Fig. 6 for
the initial equilibrium used for shot A (Fig. 2 and Table I) and for one of the equilibria
studied for shot B. |




3. NONLINEAR RESULTS

To evaluate the influence of the instability on the pressure profile, we use the FAR
code [4] to follow the nonlinear evolution of one of the toroidal geometry equilibria for
discharge A and compare it with the nonlinear evolution of a similar cylindrical geometry
equilibfum. Since a maximum value of § = 1 x 10° is required for numerical reasons,
the resistivity used for the nonlinear studies is larger than the experimental resistivity
(corresponding to § = 10'%). The calculated evolution of the ideal infernal mode described
here, however, is not expected to be much different from that for larger values of S; the
linear growth rate of this ideal mode is, of course. independent of the value of S.

The lesser strength of the instability in toroidal geometry is clear in Fig. 7, where the
peak value of the plasma pressure is plotted versus time. The toroidal case is the one whose
linear stability was discussed earlier for discharge A (linear growth rate yrgp = 0.0107
identified in Fig. 3), and the cylindrical geometry case has an aspect ratio of 4.0. The peak
pressure. in the toroidal case starts decreasing later, has a longer time scale for saturation,
and decreases by about half the amount calculated for the cylindrical case. The gross
behavior is, however, qualitatively the same for both cases. Comparison with Fig. 1 shows
that the drop in central pressure is consistent with the experimental data.

The characteristics of the pressure profile evolution can be seen in Fig. 8. Anm =3
structure appears, the central pressure decreases. and the profile broadens. After satura-
tion the temperature is essentially flat, but some m = 3 structure is still evident. This
m = 3 structure is seen in the JET soft X-ray emissivity profiles after the temperature
collapses {1]. The pressure profile evelution for the toroidal case is very similar to that for
the cylindrical case. Constant-pressure contours in the core region for the toroidal case
are shown in Fig. 9. Again, an m = 3 structure is very strong while the central pressure is
decreasing, and the characteristic triangular m = 3 shape persists after saturation of the

central pressure drop.



Field line plots from the evolution of the toroidal case show the time dependence of the
magnetic structure in Fig. 10. These puncture plots were generated by following a field
line many times around the torus and recording a point whenever the field line passed
through a given toroidal angle. These plots are in real-space coordinates (in contrast to
the previous two figures), and the elongated shape of the plasma can be seen. At the
earliest times, concentric flux surfaces are apparent. Later, the m = 3 structure appears
in the magnetic surfaces; then a substantial amount of ergodicity develops. The degree
of ergodicity depends on the resistivity, and, as discussed earlier. the resistivity used was
larger than the experimental value. The degree of ergodicity shown here is therefore of
limited relevance for the JET discharges considered. It is noted experimentally, however,
- that confinement in the core is degraded for the remainder of the heating pulse (L-mode),

since the central temperatures never recover.



4. SUMMARY

The very peaked pressure profiles following pellet injection and central ICRH in the
early portion of JET discharges have consistently exhibited evidence of an MHD instability
that results in a flattening of the central temperature. These data provide a significant
test for MHD stability analyses. We conclude that the infernal mode is a strong candi-
date for the instability in the discharges considered. This instability is associated with
the appearance of ¢ = 3/2 in the plasma core as the central current increases early in the
discharge. Equilibria calculated with experimental pressure profiles and go < 1.5 show in-
stability growth rates that agree with experimental observations. Because of uncertainties
in matching experimental data, several equilibria have been examined for each case; all
are infernal mode unstable. Nonlinear analysis shows a strong m = 3 structure during the
temperature flattening and a persistence of the structure after the temperature flattening.

This structure is observed in soft X-ray data.
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TABLE I. JET PARAMETERS FOR MODELLED DISCHARGES

Central Edge
safety safety
) Elongation factor factor
Discharge Bo (%) K do a
A | 50 1.47 1.5 4.8
B 4.4 1.33 1.5 4.1
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Summary of the time dependence of various plasma parameters for JET discharge
16211: (a) toroidal current I, central safety factor go, and toroidal loop voltage
Va; (b) central electron density neo; (¢} ICRH and Ohmic heating power, Picry
and Pon; (d) total kinetic energy Wio; (€) global energy confinement time 7g;
(f) central electron temperature T,o; and (g) central ion temperature Tio. The

points are results from predictive simulation of the early portion of the discharge

using the WHIST code.



FIG. 2.

ORNL-DWG 90M-3026 FED
1 I | | |

1.2

TRANSP
STABILITY —

0 0.2 0.4 0.6 0.8 1.0 1.2

Normalized {a) pressure and (b) safety factor profiles from the TRANSP analysis
code and those used for the initial stability study of discharge A. The minor radial

coordinate is represented by the dimensionless poloidal flux .
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FIG. 3. Pressure profiles used to test the sensitivity of the results to profile changes.
Each profile is labelled by the resulting linear growth rate for an m/n = 3/2
infernal mode in units of 'rgg. The g profile used is identical to that in Fig. 2(b)
in all cases. The pressure profile from TRANSP is labeled 0.0033.
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FIG. 6. The growth rate of the instability (ymup) is localized to a small band around
go = 1.5 in both case A (16211) and case B (17749).
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FIG. 7. The peak pressure (normalized to unity at t = 0) decreases somewhat more slowly
and saturates with a smaller drop in the toroidal case than in the cylindrical case.
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