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Abstract

The theoretical stability of high-5 JET discharges is discussed. For high-n ballooning
modes near the S-limit, it is found that approximately the central 50% of the plasma is
marginally stable. For low-n modes (n = 1 and 2) the theoretical predictions are found
to correlate well with the experimentally observed soft X-ray behaviour, and provide a
basis for predicting the central g—profile.

I Introduction

Recent high—# discharges in JET [Smeulders et al 1990] have reached values of 4 up to
the Troyon limit [Troyon et al 1984] (Brreyen(%) = 2.81(M A)/B(T)a(m)); here § is the
ratio of volume average kinetic pressure to equilibrium toroidal magnetic field pressure.
These high—8 values were reached in double null X-point configurations during the H-
mode. To reduce the total heating power needed to obtain these high #’s, a low toroidal
field (Br ~ 1.0 — 1.5T) was used. At, or near, the 8-limit two general categories of
MHD behaviour were found. Most commonly the 8 would saturate and associated with
this, periodic bursts of oscillating MHD phenomena in the plasma center (fishbones and
sawteeth) and oscillating MDH phenomena at the plasma edge (higher n mode numbers)
were observed. An example of this, for the shot with the highest 5 to date, is shown in
Fig 1 where the sawteeth and (smaller) fishbone events are evident on the central soft
X-ray (SXR) chord; the effects of these events on 8 is also evident. Less commonly
(~ 30 — 40% of shots) a large low-n instability (usually n = 2) would be destabilised
and an apparently correlated collapse of 8 occured (here n is the toroidal mode number).
These experimental features are described in more detail by Smeulders et al (1990). In
this paper we discuss the theoretical ideal and resistive MHD stability properties of these
discharges, and comparisons with observed mode structures.

The remainder of this paper is organised as follows. In the next section brief details of
equilibrium reconstruction techniques and stability codes are given. Theén in Sections III



and IV respectively, high-n and low-n stability studies are described. Finally in Section
V a summary of the results is given.

I1 Equilibrium and Stability Codes

The equilibria needed for the stability studies are in general calculated with the IDENT-C
code [Blum et al 1986, Lazzaro and Mantica 1988] which fits the magnetic measurements
and the experimental pressure profile. The pressure profile shape is generally taken from
the LIDAR electron pressure measurements and normalised to match the diamagnetic
B. This is a reasonable approximation as the electron and ion pressure profiles shapes
are generally quite similar in these high-§ discharges. It does however mean that the
contribution to 8 from fast particles is included.

The high-n ballooning mode stability of these equilibria has been studied with the
HBT (Goedbloed 1981 and 1984, Huysmans 1990) and ERATO (Gruber 1981) codes, the
results being in good agreement. In both these codes the normal ballooning mode trans-
formation (Connor, Hastie and Taylor 1978) is employed, which reduces the evaluation
of high-n ballooning stability to solving an eigenvalue problem on each equilibrium flux
surface. The low-n free boundary ideal stability has also been studied with the HBT and
ERATO codes. To examine low-n internal instabilities the fixed boundary resistive MHD
code, FAR (Charlton et al 1990) has been used.

III Ballooning Stability

In this section we will discuss the ballooning mode stability of two types of high-# dis-
charges. For the first type of discharge with peaked pressure profiles, we will analyse a
case with a triangular pressure profile and one with large central pressure gradients caused
by the injection of a pellet. The second type of discharge has a broader pressure profile
with the larger gradients near the plasma boundary.

The pressure profile typically develops from a broad profile with the largest gradients
at the edge at low § to a triangular shaped profile with 8 ~ Brroyon. Figure 2a shows
the electron pressure profile at the time of maximum S as measured by the LIDAR
diagnostic. The pressure gradient is almost constant across the minor radius but is larger
in the plasma centre. The peaking factor 8y/f of this profile is 4.0. For the equilibrium
reconstruction, this pressure profile is mapped onto a radial flux coordinate and averaged
over the left and right side to obtain a symmetric pressure profile. This removes the
local perturbations on the profile which are perhaps due to MHD activity. The ¢-profile
resulting from an equilibrium fit to the magnetics and the pressure profile is shown in
Fig. 2b. The positions of the ¢ = 1.0,1.5 and 2.0 surfaces agree well with the position of
the perturbations on the pressure profile. To calculate the ballooning stability boundary,
we start from the experimental pressure profile and change the pressure gradient locally



in small steps up to the ballooning limit. The resulting pressure profile is marginally
stable over the whole minor radius. During the iteration the g-profile is kept essentially
constant in the core but varies slightly in the outer regions to maintain the constraint of
constant total current. In this way the shear of the final g-profile is slightly higher near
the edge compared with the original g-profile {but the resulting f-limit (x I/aB) is not
increased, as would be the case with a flux conserving iteration due to an increase in the
total current).

In Fig. 3 the resulting marginally stable profile of the normalized pressure gradi-
ent {a) is compared with the experimental profile of the pressure gradient (here o =
4¢*" \/% [(eB2)dp/di> where ¢* = aLBy/poRol, and L is the length of the plasma circum-
ference). This shows that the plasma is marginally stable to n = oo ballooning modes
over more than 50% of the minor radius. In the plasma centre the experimental pressure
gradient (determined from the normalised electron LIDAR pressure) exceeds the balloon-
ing limit, even if the ballooning boundary is calculated with go = 1.05 instead of the
go = 0.95 shown in Fig. 3. The § corresponding to the theoretically the marginally stable
discharge is 6.3% which is 4.0 /(aB), comparable with the Sykes limit (Wesson and Sykes
1985). Discharges at, or slightly above, this Sykes limit have been observed in the D-II1-D
tokamak [Ferron et al 1990].

Even larger central pressure gradients have been produced in a high-g discharge where
a pellet was injected just before 14 MW of additional neutral beam heating was applied.
The electron pressure profile at maximum S (0.80 Brroyon), is shown in Fig. 4. The
peaking factor of this profile is 4.5. Calculation of the ballooning boundary in the plasma
centre by lowering the local pressure gradient until stability is obtained shows that the
maximum gradient exceeds the ballooning limit by almost a factor of 2. In this pellet case
the theoretical condition for ballooning instability persists even when ¢ on axis is varied
to a value above one [which may be consistent with measurements and the observed n =1
activity, (see next Section)]. Yet, experimentally no large degradation of confinement is
observed until a large n = 1 mode causes a f-collapse (see next section). A possible
explanation within the ideal MHD model is to assume that the ¢-profile is non-monotonic
with negative global shear in the region of the large gradients [Roy et al 1988]. To
study this possibility, instead of calculating a marginal pressure profile, we calculated
the marginally stable g-profile. The resulting g¢-profile is shown in Fig. 5. It is the
amplitude of the negative shear which dominantly determines the stability, the results
being relatively insensitive to the absolute values of gy and ¢, . The hollow current
density profile needed for such a g¢-profile could be provided by the bootstrap current
driven by the large gradients [Stubberfield et al., 1989].

In connection with the apparent experimental crossing of the theoretical ballooning
boundary, it i1s to be noted that the stability boundaries obtained for both discharges
pertain to modes in the limit n — oo. The growth rate of the finite-n ballooning mode
decreases linearly with 1/n. The critical mode number of the marginally stable mode,




below which the modes are stable, is given by [Connor et al., 1979]:
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where the quantities are evaluated at the flux surface with the largest growth rate, v/ is the
local shear, and 8, is an integration constant related to the radial wave vector. For both
discharges discussed above the critical mode number is of the order of 100-200, depending
on the actual g-profile. Because of these large mode numbers, together with the fact that
the instabilities occur in the centre, the finite-n unstable ballooning mode will have a
width of the order of a few times the ion larmor radius. Therefore stabilisation of the
ballooning mode by finite larmor radius effects can become important [Hastie et al., 1981].
Previous results showed that the large pressure gradients, produced by pellet injection into
a discharge followed by strong additional heating (with a maximum 8 ~ 0.487+0y0,), Were
limited by the ideal ballooning limit [Huysmans et al., 1989]. The difference between the
previous pellet discharges at lower S and the present high-f8 discharges, is that the region
of the large gradients of the previous discharges are localized more to the outside at a
larger shear and with a higher g (~ 1.2). In these cases the critical mode number is much
lower (n, ~ 7) and FLR effects are not likely to stabilise the mode.

A non-ideal effect which has not been taken into account is the effect of the fast
particles. For the high-3 discharges discussed in this paper, the fast particle pressure can
be as large as 25% of the total pressure and is expected to be stabilising [Rosenbluth et
al., 1983].

In a discharge at higher current, Ip = 3MA (and a higher startup density), the pressure
profile remains broad with large pressure gradients near the edge, up to a disruption
caused by the influx of carbon impurities. The pressure profile in this discharge is similar
to the pressure profiles of the early phase of the high-8 discharges discussed above. The
maximum £ obtained in this type of discharge is about 0.7 Brroyon. The experimental and
theoretical marginally stable profiles of the normalised pressure gradient () are shown
in Fig. 6. The large gradients near the plasma edge are close to marginal stability in a
small region with a width of approximately 15 cm. In this case the maximum § stable to
ballooning modes { Bmaz = 3.41/aBp) is much higher than the experimentally achieved
value; though it should be noted that the disruption apparently terminated the discharge
before the S-limit was reached.

IV Low—n Stability

The low-n activity divides into that seen during f-saturation (fishbones, ELM’s and
sawteeth) and that seen during the f-collapse (large n =1, 2 or 3 activity) [Smeulders et
al 1990]. For equilibria reconstructed to fit the f-saturation shots, with ¢u < 1, we find
that the peaked pressure profiles cause the n = 1 internal kink to be strongly unstable.



This n = 1 instability is probably linked to the observed fishbone/sawtooth activity, but
trapped particle effects must be included before a quantitative comparison can be made.

In the majority of cases in which f collapses there is large scale n = 2 activity present,
however first we discuss a discharge in which a very large n = 1 mode (Bj > 25G) seems
to limit the 8. This case is the peaked pressure profile pellet case discussed in Section I1I
(cf. Fig. 4). The pellet causes a reduction in [; of ~ 0.2 and the polarimetry indicates
an increase of ~ 0.2 in go. Subsequent to the pellet injection, as the f rises to 0.8 87,0y,
a large n = 1 mode grows to By ~ 25G (by which time it is locked) and a collapse
in B follows. This very large n = 1 mode is visible on the soft X-ray (SXR) array; a
tomographic reconstruction shows a distortion to the core and island-like structures near
g = 2 (Fig 7a). We have constructed an equilibrium for use in studying the stability of
this case by matching the boundary shape, g, and 3,, determined from the magpetics, and
have also matched the LIDAR pressure profile and the location of ¢ = 2 and 3 surfaces
(from the SXR’s). This leaves the form of the central-¢ to be determined. We have tried a
flat central-q (with go ~ 1.0), a parabolic central-¢ with (go ~ 0.9) and a non-monotone gq.
From the n = 1 eigenfunctions for each class of g-profile, calculated with the linear FAR
code, we have reconstructed the flux surface distortions. We find only the flat central-g,
with g ~ 1.1, gives a good match to the relative phase and amplitude between the core
and ¢ = 2 distortions in Fig 7(a); the theory result for g = 1.1 (flat ¢} is shown in Fig
7(b). For the non-monotone g the relative phase of the core and m = 2 distortions is
incorrect, while the monotone case shows no evident m = 2 islands. The flat central-¢
case shown in Fig 7(b) is close to the marginal threshold for the n = 1 mode; raising g,
slightly leads to stability. The mode in this case is ideally unstable although the small
resistivity (magentic Reynolds number S = 10°%) permits tearing at ¢ = 2. The relatively
high value of central-q (go = 1.1) to obtain a match to the SXR tomography is consistent
with the ; and polarimetry measurements and also with the observed absence of sawtecth
following the pellet injection.

For the n = 2 activity which generally seems to cause the A-collapse, we have also
constructed equilibria by the technique described above for the n = 1 mode and con-
sidered a range of central g—profiles. The central g-profile was essentially treated as a
free parameter which was determined by fitting to the SXR data. It should be noted that
sawteeth can occur during large n = 2 activity which suggests that ¢o < 1. Figure 8 shows
the n = 1 and n = 2 growth rates as a function of central-g¢, calculated with the FAR
code {Charlton et al 1990), for a sequence in which the ¢ = 1 radius is fixed at ry/a ~ 0.4
for go < 0.97. For go > 0.97 the g-profile is varied by multiplying by a constant. From
Fig 8 it can be seen that for g5 > 0.93 the n = 2 growth rate {y,=2) exceeds the n =1
growth rate (7,=1). The modes in this range (ya=2 > 7Yn=1) are ideally unstable and are
the so-called infernal modes (Manickam et al 1987) which are driven by pressure gradient
in low shear regions. These infernal modes are toroidally coupled but the m = n mode
is dominant. Figure 9 shows flux surfaces in the mid-plane versus toroidal angle for the
n = 2 mode at go = 0.96 (where V=2 > V=1 ). In Fig 9 the dominant m = 2, n = 2



islands and the sideband m = 3,4 (n = 2) islands are clearly visible.

Experimentally during the large n = 2 magnetic activity which precedes a f—collapse
large n = 2 oscillations are also observed in the SXR data. Results from the vertical
SXR camera during such n = 2 activity are shown in Fig 10(a). To compare these
results with theoretical predictions we have reconstructed the line integrated SXR’s by
assuming the emissivity on a given field line is a constant, which is a function of the
average radius of that field line. This functional form is chosen to give an approximate
match to the observed line integrated emissivities (although the slight central hollow
in the experimental measurement is not reproduced). The line integrated SXR chords
corresponding to the case shown in Fig 9 are given in Fig 10(b). It can be seen that
the theoretically constructed SXR chords (Fig 10(b)) reproduce many of the features of
the experimental (Fig 10(a)) SXR chords. To make this comparison more quantitative
the relative phase of the signals shown in Fig 10 are compared in Fig 11; the core region
is omitted because the experimental phases become indeterminate and also because, as
mentioned above, the theoretical emissivity does not reproduce the slight hollow observed
experimentally. The reasonable agreement in Fig 11 suggests that the low shear infernal
modes are a likely candidate for the observed n = 2 activity. We have examined the
sensitivity of the SXR fit by examining other g-profiles. For example we have checked
the case shown in Fig 9 when ¢o = 0.91. In this case the modes are resistive ballooning
modes with y,-2 < vu=1 (which of course contradicts the experimental dominance of the
n = 2 mode) and the reconstructed SXR’s show phase inversions which do not agree with
the experiment. The small increases in central-g to trigger the n = 2 instability to be
dominant (Ag ~ 0.02) may be produced by the large sawtooth which often initiates the
n=2 activity [Smeulders et al 1990]. '

V Summary

The ballooning stability studies typically show that at the highest values of 8 obtained
in JET so far, the pressure profiles are marginally stable to ballooning modes over the
central 50% of the plasma when 8 ~ Br.oyon. In a number of discharges the large pressure
gradients in the core region exceed the ideal n = oo ballooning stability limit by a consid-
erable amount. However, this only happens when n, is large so that stabilization of the
high-n mode numbers by finite larmor radius effects or fast particles should be important.
For a pellet shot, in which an n = 1 mode is strongly unstable, stability calculations show
that the SXR tomographic results are reproduced best by a flat central-g with g ~ 1.1.
For n = 2 modes which usually cause the S-collapse and seem often to be initiated by a
sawtooth {1], flat g—profiles (with go ~ 0.96) seem to give the best agreement with SXR’s.

In these studies we have not addressed the effects of the hot trapped particle population
on the stability. Studies of these effects on the ballooning mode and n = 1 internal kink
are in progress, and will be reported elsewhere.
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Fig. 1 Time traces of the toroidal J, the total heating power and the general MHD activity
of discharge #20881, I, =2MA, By = 1.3 — 1.0T (ramped down).
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Fig. 2 (a) The electron pressure profile of discharge #20272, at the time (t=52.3s) of
maximum 3. (b) The reconstructed ¢-profile of discharge #20272, at maximum S. Here

X is the norrnalised minor radius.
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Fig. 3 The profiles of the experimental and the marginally stable normalized pressure
gradient (o) as a function of \/¢ of discharge #20272 with a triangular pressure profile.
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Fig. 4 The peaked pressure profile of the high-5 discharge #20302 with pellet injection
(full line). Included are the upper and lower error boundaries.
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versus /v of discharge #19970 with a broad pressure profile.
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Fig. 7 (a) Tomographic reconstruction of SXR emissivity in the horizontal mid-plane dur-
ing large n = 1 activity (Shot 20302) [the island structure at R ~ 3.1m is caused by the
SXR emissivity increasing and decreasing as the axis moves in and out]. (b) Flux surfaces
resulting from n = 1 mode for low shear g-profile in horizontal mid-plane. N.B. The
dominant toroidal rotation gives an equivalence between time of viewing and toroidal
angle of view.
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