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Abstract

Conditions under which ballooning modes are expected to be excited have recently been obtained in two
different types of discharges in JET. In the first type, extremely large pressure gradicnts have been produced in the
plasma core through pellet injection in the current rise phase followed by strong additional heating. In the second
type, the total pressure of the discharge is approaching the Troyon limit. The stability of these discharges with
respect to the ideal MHD ballooning modes has been studied with the stability code HBT. The equilibriz are
reconstructed with the IDENTC code using the exiemal magnetic measurements and the experimental pressure
profile. The results show that the evaluated high beta discharge is unstable in the central region of the plasma.
This instability is related to the low shear and not to a large pressure gradient, as expected at the Troyon limit. In
the pellet discharges the regions with the large pressure gradients are unstable to ballooning modes at the time of
the beta decay, which ends the period of enhanced performance. The maximum pressure gradient in these

discharges is limiled by the boundary of the first region of stability. The observed phenomena at the beta decay
are similar 1o those observed at the beta limit in DIII-D and TFTR.



1. INTRODUCTION

The maximum beta values achieved in the various tokamaks are in reasonable agrecment
with the relationship Bmax = ¢ Ip [MA} /Bo[T] a[m] of the Troyon-Sykes limit (TROYON et
al., 1988). In the experiments, the value of ¢ ranges from 2.0 to 2.8, whereas the numerically

computed limiting value of ¢ depends on the specific choice of the profiles but also falls in the
relatively narrow range of 2.5 - 3.5.

There is also some agreement in the observed phenomena when beta is approachin g the
limiting value. In Doublet DII-D (STRAIT et al, 1989) and ASDEX (GRUBER et al. 1986) this
limit is seen as a disruptive limit at low q (< 3), as a saturation, or as a collapse of beta. In
Doublet DIII-D a series of MHD modes is observed having mode numbers myn = 5/4, 473, 3/2,
2/1 at resonance with increasing values of g. At the highest values of B, this either results in an
m =3, n = 2 mode causing a minor degradation of the confinement time by a factor of 10-20%,
or the series stops with an m =2, n = 1 mode which gives a much larger loss in confinement (a
so-called B-collapse) or a disruption. The theoretical MHD stability analysis of these discharges
predicts stabiliiy of the low-n modes, but marginal stability or even instability of high-n ideal
ballooning modes in the central region and the edge of the plasma. In ASDEX, the toroidal
mode number observed at the B limit is always n = 1, whereas the poloidal mode number m =
I, 3. At some times during the beta decay strong m = 2 and m = 3 activity is observed.
Fishbones with m = 6 are also seen. Comparison with stability calculations suggests that the
observed modes are pressure driven tearing modes (GRUBER et al. 1986). The discharges at the

beta limit are stable to high-n ballooning modes, but resistive ballooning modes may become
unstable (BECKER et al. 1987).

In TFTR (MC GUIRE et al. 1988), the disruptions at the beta limit occur at the higher
values of q. Again, in the discharges that do not end in a disruption, MHD modes with mode
numbers m/n = 3/2 (and less often 2/1) are observed causing a decrease in beta. These modes
may also be seen by the flattening of the temperature and density profiles at the rational q value,
[This is also seen in DIII-D]. At lower q (gqy1 < 6), the dominant mode numbers are m/n = 1/1.
Although the signatures of the beta limit in TFTR are comparable with those of Doublet DilI-D,
the scaling of B does not follow the Troyon scaling at higher q. Instead, Bmax drops with eyl
and the limit on beta seems to be set by a limit on the poloidal beta. However, the observed B
limit is still in agreement with the MHD stability boundaries of the low-n kink and ideal
ballooning modes. This difference is caused by the relatively peaked pressure profiles of the



TFTR supershots, whereas the Troyon limit is found after an optimization of the profiles which
leads to relatively broad pressure profiles.

The fact that equilibria with a peaked pressure profile have a substantially lower B limit
than equilibria with a broad pressure profile (HENDER et al. 1987) led us to the investigation of
the ballooning stability of the pellet fuelled discharges of JET. In these discharges very strongly
peaked pressure profiles are produced by peliet injection, followed by strong additional heating

(JET TEAM 1988). The results of the stability analysis and a comparison with the experimental
data are presented in Sec. 2.

In Sec. 3 we also discuss a second type of discharges, viz. the discharges with low

plasma current and low toroidal field combined with strong ICRH heating which were an
attempt to reach the B limit in JET.

Conclusions are drawn in Sec. 4.

2. DISCHARGES WITH PELLET FUELLING

In JET, limiter discharges with an enhanced performance are obtained by injection of a
peliet in the current rise phase, followed by strong additional heating (JET TEAM 1988). These

- discharges are characterized by large pressure gradients (dP/dr > 300 kPa/m) in the central
region of the plasma.

In 'this section we will analyse shot #17749. The time traces of the plasma current Ip, the
total power, and the poloidal beta By are shown in Fig. 1. Also shown is the trace of Py of a

reference shot with approximately the same parameters and heating power, but with no pellet
injected (shot #17747). In shot #17749, the pellet is injected at t = 43.0 sec. The value of

saturates at j = 0.4 and, subsequently, starts to drop at t = 44.25 sec, although the total heating
power is constant. This drop is preceded by a sharp increase in the n = 2 activity accompanied
by an increase in the n = 4 and a smaller increase of the n = 3 signal, while there is no
significant change in the n = 1 activity (see Fig.2). Analysis of the soft x-ray emission indicates
a poloidal mode number of m = 3. This m/n = 3/2 mode can also be seen as a flattened region
around the q = 1.5 surface in the x-ray emissivity (see fig.3). The occurrence of this mode in
JET discharges was shown to be related to a loss of confinement (SNIPES et al. 1988).
~ Comparison of the MHD activity of the shots with and without peliet injection shows that the
MHD activity starting at the onset of the ICRH heating is not related to the pellet injection.

The equilibrium needed for the stability analysis was calculated by means of the IDENTC
code (BLUM et al. 1986, LAZZARO and MANTICA 1988) which fits the external magnetic



measurements and the experimental pressure profile to the calculated equilibrium. The electron
pressure profile measured by the LIDAR diagnostic (SALZMANN et al. 1987) at the time of the
increase of the n = 2 activity is shown in Fig. 4. Also shown is the electron pressure profile of
the reference shot. The value for q on axis is 1.2 + 0.2 as determined by both polarimetry
(O'ROURKE et al. 1988) and IDENTC. The safety factor at the edge is 3.8 for the discharge
with pellet and 4.1 for the discharge without pellet.

The equilibria reconstructed with IDENTC were analyzed with respect to ideal ballooning
modes by means of the HBT code (GOEDBLOED et al. 1987). The results are shown in the
shear versus pressure gradient diagram of Fig.5a |a so-called s-o diagram, where s = 2(y/q)
(dg/dy) , and o = — (4G°%/eB2) vy dp/dy). Only the central part of the plasma (0 <y <0.3) is
shown. The stability boundary of the first region of stability (the left side of the shaded area in
Fig. 5a) is determined by increasing the total pressure, while keeping the shape of the pressure
profile fixed in a flux-conserving sequence. It turns out that the largest pressure gradients (in .
the range 0.06 <y < 0.16) of the pellet shot cause instability with respect to high-n ballooning
modes, with a growth rate of about 2.5x 10-2 1,4-1 sec. The reference shot, on the other hand,
is far from instability. In order to account for the uncertainty of the experimental value for q on
axis, the ballooning stability was calculated for different values of qq. The value of qy was
changed by changing the peaking of the diamagnetic profile, while keeping the pressure profile

fixed. Although the unstable region becomes smaller with increasing gy, the largest pressure
gradients are unstable up to q= 1.5. '

An estimate of the toroidal mode number that is marginally stable with respect to
ballooning modes can be calculated from the first order correction of the n-1/2 expansion
(CONNOR et al. 1984). This gives the growth rate as a function of the toroidal mode number :

@* = wg? + ((PPw/oy?) @wHo8H)' " [ 2nv), ) )
where V' is the local shear and 8 is the integration constant related to the radial wave vector. In

this case, the mode number with zero growth rate turns out to be ne = 7 (see fig 5b). This
indicates that finite Larmor radius effects are not likely to stabilize the mode.

A correlation between violation of the ballooning stability and the occurrence of an
internal disruption, which leads to a loss of energy and particle content, is also found in the
ASDEX pellet shots with improved confinement (KAUFMANN et al. 1988).

The same equilibria have also been investigated with respect to stability of internal modes
with low poloidal mode number, using the exact equilibria but employing the high-beta tokamak

ordering in the stability analysis. The non-pellet discharge was found to be stable, whereas the

peaked profile of the pellet shot is predicted to become unstable, but only for values of By > 0.7
and qg = 1.0,



Although the obtained B in the pellet case is only 40% of the Troyon limit and only a
small part of the plasma volume is ballooning unstable to ideal ballooning modes, the observed
phenomena are quite similar to those observed at the § limit in DIII-D and TFTR: violation of
the ballooning stability is followed by m/n = 3/2 mode activity, accompanied by an increase in
higher n mode activity. Possibly, the m/n = 3/2 mode is initiated by a broadening of the
pressure and current density profile (increasing the local gradients) due to the ballooning
instability, similar to that proposed for DIII-D as an explanation of the P collapse (STRAIT et al.
1988).

Higher pressure gradients could be obtained by raising the value of q on axis by
broadening the current density profile. Access to the second region of stability would also
require a lower shear at the position of the large gradients (TROYON et al. 1988).

3. HIGH BETA DISCHARGES

A series of discharges at low plasma current and low toroidal field (Ip = 1.5 MA, Bt =
1.5 T) with strong ICRH heating have been produced in JET in an attempt to reach the beta
limit. The time traces of the total current, the heating power, and the central temperature of the
discharge #14729 are shown in Fig. 6. In this discharge, one of the highest values of the ratio
B/Bc was obtained, viz. B/B¢ = 0.6. Also shown is the magnetic activity with mode numbers n
= 1 and n = 3. We note that after t = 47 sec, the central electron cyclotron emission starts to
show spikes superimposed on the usual sawteeth. These spikes are well correlated with the

MHD activity as measured by the external coils. Furthermore, the activity after 47.5 sec seems
to increase for larger mode numbers.

To investigate the possible role of ballooning modes, we have carried out a stability
analysis at t = 48.0 sec, since the electron pressure 'proﬁlc measured by the lidar diagnostic was
available for that time, In Fig. 7, the preésurc profile obtained from a fit of the equilibrium to
the magnetic measurements by the IDENTC code is compared with the measured pressure
profile. In the stability analysis we use the more globally reconstructed profile in order to avoid
possible ballooning instabilities caused by local disturbances of the pressure profile. The
magnitude of the total pressure is determined by the value of the poloidal beta. The results of the
high-n ballooning analysis are shown in the form of the s-a diagram of Fig. 8a. The plasma is
found unstable in the central region indicated. It should be noted though that the cause of this
instability is not the large pressure gradient associated with a high beta discharge, but the lack of
shear in the center and the low value of q on axis (qo = 0.81). The low shear is also reflected in
the shape of the eigenfunction (Fig. 8b). In the low shear central region, the standard



ballooning approximation is only valid when (ydq/dy)-2 < n (HASTIE et al. 1981), which
restricts the validity of the analysis to n > 250 for this case. Extrapolation of the growth rate to
. lower modenumbers, using Eq. (1), is then not possible because in the unstable low shear
region 2 (n-1) is expected to have an oscillatory behavior. This is related to the passage of
rational values of nq through the most unstable flux surface (HASTIE ct al. 1981, MANICKAM et
al. 1987). However, this does not imply stability of the intermediate values of n. Infernal
modes, which can be unstable even if ballooning are stable, may play a role here. "

Finally, it should be noted that the unstable region is localized within the q = 1 surface, so
that a possible consequence of the instability might be to trigger the sawteeth,

4. CONCLUSIONS

For two types of JET discharges it was shown that conditions are obtained in which
ballooning modes may play an important role in the evolution of the discharge. In the high beta
discharges, the plasma center is unstable to high-n ballooning modes. Because the unstable
region is within the g = 1 surfuce, this instability probably does not have a large effect on the

confinement properties as compared to the sawteeth. However, the ballooning instability could
trigger the sawtooth,

In all the evaluated discharges with very large pressure gradients produced by pellet
injection and additional heating, the discharges are marginally stable or unstable to ballooning
modes. Although the stability boundary depends on the exact value of qg, the cases analyzed
show that the regions of the plasma with the large pressure gradients are unstable over the
complete range within the error bars of the qp measurement. The driving force of these
instabilities is the large pressure gradient region where the ballooning criterion is violated. This
shows that the maximum achievable pressure gradient for the pellet discharges in JET is limited
by the boundary of the first region of stability. The period of enhanced performance of the pellet
discharge shown ends in a fast decay of P which is caused by an m/n = 3/2 mode. This is
similar to the observations at the beta limit in Doublet DIII-D and TFTR , viz. violation of the
ballooning criterion coincident with growth of an m/n = 3/2 or 2/1 mode. A possible way to
avoid this limitation of the maximum pressure gradient would be to adjust the q profile in such a
manner that the large gradients would lie in the second region of stability. Whether this is
possible with the typical profiles of pellet discharges remains to be investigated.
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Fig.1 Experimental data of peilet discharge # 17749, i) plasmacurrent,

ii) total heating power (Ohmic+NBI+ICRH), iii) poloidal beta of

pellet discharge, pellet injected at t =42sec, iv) poloidal beta of reference
case shot # 17747 without pellet injection.
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Fig.2 MHD activity with toroidal modenumber i) n=1, ii) n=2, iii} n=3,
iv) n=4 of pellet discharge #11749.



I (Wem?)

Fig.3 Soft X-ray emission profile of the pellet discharge 417749 after the onset of the n=2 MHD

activity.
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Fig.4 The normalized electron pressure profiles from the LIDAR diagnostic

of the pellet discharge # 17749 (full curve) and a similar discharge without

pellet injection shot 3#17747 (dashed curve). The maximum pressure are

approximately 75kPa for shot 317747 and 156kPa for $#17749. The unstable
region is indicated by the shaded region.
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Fig.5a The shear, s=2(y/gWdg/dy) versus the pressurc gradient,

a= — (4g*¥/eB*)N\ dp/dy, of the pellet discharge # 17749 (full curve) and

of the reference discharge #17747 (dashed curve). The shaded area

corresponds to the ballooning unstable region, i.e. the boundary of the first
region of stability.
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Fig.5b The growth rate versus the toroidal modenumber of the ballooning
instability at the largest pressure gradient of the pellet discharge.
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Fig.6 Experimental data of the high beta discharge #14729; i) total

RF power, ii) poloidal beta, iii} central electron temperature from

electron cyclotron emission, iv} n=1MHD activity, and v}n=3 MHD
activity.
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Fig.7 The electron pressure profile measured by the LIDAR diagnostic

system (full line) at r=48sec and the corresponding normalized total

pressure and g profiles determined by IDENTC for the high beta

discharge #14729, The indicated region is unstable to ballooning
modes.
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Fig.8a The shear versus the pressure gradient diagram of the high beta
discharge at =48sec. The unstable region is below the dashed curve
which represents the boundary of the first region of stability.
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Fig.8b The eigenfunction of the ballooning mode at the most unstable flux surface. Alongthe
horizontal axis the extended poloidal angle is plotted. The eigenfunction is symmetric with respect
to =0,
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