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Abstract
High-p experiments, in medium to high-q tokamak plasmas, exhibit a temporal p
saturation and collapse. This behavior has been attributed to ballooning, ideal kink, or
tearing modes. In PBX, a unique diagnostic capability allowed studies of the relation
between MHD and energy loss for neutral-beam-heated (< 6 MW), mildly indented
(10-15%), nearly steady Ipdischarges that approached the Troyon-Gruber limit. Under
these conditions, correlations between MHD activity and anergy losses have shown that
the latter can be almost fully accounted for by various long wavelength MHD instabilities

and that thers is no need to invoke high-n bailooning modes in PBX.
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1. Introduction.

One of the central issues in high-B experiments, in medium to high-g tokamak
plasmas, is whether the observed temporai B saturation and collapse are caused by
ballooning, ideal kink, or tearing modes. Several explanations have been proposed for
the g-limits found for different tokamaks and experimental conditions. In ISX-B, for
example, a deterioration in confinement at high-g (i.e., a soft g-limit) was observed, but
this deterioration did not exhibit a correlation with the observed m=1/n=1 mode [1], and
hence, baliooning modes were proposed as a possible cause for this p-limit [2]. In PBX,
in fow-q (g < 3.5), high current-ramp discharges (3], and in D-Ill [4], for certain limiter
discharges, a disruptive g-limit attributed to the n=1 external kink mode was observed. In
ASDEX [5] and PBX [6), very similar types of neutral-beam-heated discharges typically
underwent transitions into the H-rode. After this transition, B rose initially, but then
saturated and eventually "collapsed” at constant plasma current and heating power. in
ASDEX, since edge relaxation phenomena (ERP) alone could not explain the
additional energy losses during the saturation and collapse phases, and since no other
observed MHD activity could be heid responsible for the saturation and collapse,
balloaning modes were invoked to explain this g-limit. In PBX, however, it was possible
to correlate these additional energy losses with various observed MHD phenomena
(i.e., sawteeth, fishbones, continugus mode, and ERP), and there was no need to
postulate the existence of ballooning modes. The PBX investigations n-'eported
previously [6] were performed at medium g-edge (4 to 5) and B-poleidal (1 to 1.2)
values. In this paper, we report the extension of § saturation and collapse studies to high
g-edge (>86), high p-poloidal (>2) discharges. We will conclude that globally the high
B-poloidal discharges generally behave similarly to those at lower g-poloidal reported
previously [6], but that the detailed behavior of the MHD depends on B-poloidal.

2. Experimental Conditions and Results.
The plasma parameters in these high g-edge, high p-poloidal, H-mode discharges
were as follows: |, = 250 kA, B, = 1.7 T, g-edge = 7, P'm; = 5 MW, plasma elongation =



1.3, a4 = 37 cm, R = 152 c¢m, indentation = 5%, <> = 1 to 1.5%, and the

Troyon-Gruber scaling parameter . = (uol/ a4 B,) = 0.6 t0 0.8.

In PBX, we were able to examine directly the relation between MHD activity and
energy loss using a unique diamagnetic loop that was placed inside the vacuum
chamber and which had a very short response time and high amplitude resoiution.
There was a very good correlation between the energy losses observed with the
diamagnetic loop and the MHD events as abserved in the X-ray diodes, Mirnov signals,
neutron losses, charge exchange fast particle effluxes, and Ha emission. A typical
discharge is shown in Fig. 1; shown are the displaced taroidal flux as measured by the
dizmagnetic loop and the Ha emission from the divertor. The first neutral beam was
injected at 350 ms, with another following at 400 ms, and finally the !ast two beams
were injected at 450 ms. All four beams were injected until 660 ms. Since the plasma
current and shape were held constant during neutral beam injection, the displaced
toroidal flux signal generally reflected the evolution of p-poloidal. The L-mode lasted
until 485 ms, at which time the transition to the H-mode accurred. These discharges did
not exhibit sawteeth, and the transition to the H-mode often appeared to be triggered by
relatively strong fishbones. After the H-mode transition, the discharge exhibited three

phases: p increase, saturation, and collapse.

a. p-Increase Phase. After the transition to the H-mode, over a period of 20 ms,
the internal energy increased at a rate of 0.9 MW, and the confinement improved
steadily axcept for the strong fishbone at 495 ms. There was little or no MHD activity
during the period of increasing p except for this fishbone. During the last part of the
B-increase phase, fishbones became more severe resulting in non-negligible loss of
fast particles. This was the cause of the start of the p-saturation phase at 520 ms.

b. B-Saturation Phase. As shown in Figs. 1 and 2, the saturation period lasted
for about 50 ms, ending at 570 ms. This period was characterized by three kinds of
MHD activity, each with varying energy loss: fishbones, ERP, and a continuous mode.
There were two types of fishbones, their difference being the modulation strength in



various signals. The weaker fishbones were characterized by a weaker modulation of
the X-ray signal, charge exchange fast particle effluxes, and Mirnav fluctuations, a
smaller change in the modulation frequency, a smaller drop in diamagnetic signal, and
an almost imperceptible and slow drop in neutron flux. The plasma energy loss was
less than 0.4% and the neutron flux drop was less than 2%. The duration of the burst
was also short, less than 0.5 ms. The frequency of the fishbone was typically between
20 and 30 kHz, dropping down to half of this frequency during the burst.

The stronger fishbones exhibited higher energy losses of up to 1.5%, larger
neutron flux drops of up to 8%, and greater ihan a factor of two increase in the charge
exchange efflux than for the weaker fishbones. The effect that most distinguished the
stronger fishbones from the weaker ones was the effect on the X-ray radiation. The
horizontal-viewing diodes indicated an out-in plasma column motion: the inner diodes
showed an increase in signal, and the outer diodes a decrease. The verical-viewing
diodes showed only an increase in the signal, which intensified toward the edge of the
plasma (up and down). The inferred plasma reconfiguration during the fishbone was
very different from the sawtooth-like crash at lower g-edge and p-poloidal values. Here,
the plasma appears to be pushed inward and further elongated.

The ERP often occurred 1 ta 2 ms after any fishbone and always after a stranger
fishbone.The ERP duration was normally a few hundred ms. A possible sequence aof
events is that the fishbone expels energy from the center, the energy propagates
outward and builds up near the edge. After 1 to 2 ms, an ERP occurs, and energy is
fost over a large region. This would imply that ERP may not be just an edge instability
but may involve a large part of the minar radius. The ERP instability may be induced by
high pressure, temperature, or current gradients that may have built up in response to
the initial central energy expuision. The energy loss due to the ERP was about 1%.

There was another type of the MHD activity, which was characteristic of only the
g-saturation phase and was never observed during the g-collapse phase. This was an
n=2 or n=3 mode as determined by the radial magnetic field coils with a higher
unknown m number. This mode can be seen in the X-ray diode signals shown in Fig. 2
from 566 to 569.5 ms. The mode frequency was usually between 30 kHz (n=2) to 60



kHz (n=3) and the mode amplitude was saturated. This mode contributed very little to
the additional energy losses, and was therefore not a strong participant in the
B-saturation process.

The repetition time of the weaker fishbones was 1 to 2 ms, while that of the strong
fishbones was about 5 ms. Using these repetition rates and the energy losses involved
in each event, it is possible to account fully for the energy losses during the
B-saturation, and thereby to ascribe the p-=aturation effect to the three types of MHD
behavior: weak fishbones, strong fishbenes, and accompanying ERP. These additional
energy losses are close to a total of 1 MW and are sufficient enough to cause the

B-saturation.

¢. B-Collapse Phase. The B-collapse phase usually began with the onset of a
strong n=1 mode and was characterized by two types of MHD activity: a
quasi-continuous n=1 mode and ERP. In Figs. 1 and 2 this phase starts at 570 ms and
lasts until the end of the beam injection at 660 ms. Both the continuous mode and the
ERP can be seen in Fig. 3.

At the beginning of the g-collapse phase, the amplitude of the continuous n=1
mode was modulated. A larger amplitude mode results in a stronger loss of fast
particles, a larger drop in neutron flux, and a larger loss of plasma energy from the
diamagnetic signal, thus establishing a correlation between the energy loss and the
amplitude of the continuous mode. After the initial period, the mode amplitude
saturated in the central part of the plasma column, but it continued to burst at the edge;
the modulation is seen as a decrease in mode frequency and amplitude, and these
decreases occurred at the time of sach ERP. This modulation of the external part of the
mode is well correlated with the change in the fast particle efflux, and the decay in the
neutron flux and plasma energy. Using the correlation of this mode with the diamagnetic
loop signal, the increase in modulation of the fast particle losses, and the drop in
neutron flux, we can conclude that this mode is responsibie for both the thermal and
beam energy (oss.

In Fig. 4, we compare this continuocus mode at high p-paloidal and high g-edge with

O



the mode at medium B-poloidal and medium qg-edge for two typical discharges. The
relative modulation and the phase of these two modes is shown as a furction of the
vertical position in the plasma. Although there are differences in the details of the phase
structure of these modes, they both show a gradual, continugus phase shift across the
central part of the plasma. They both have a phase change of approximately 180°
between z=-20 and +20 cm. The iarge difference is in vertical distribution of the relative
amplitude modulation. The medium B-poloidal and medium-q case (#255) shows a
strong odd mode (possibly m=1) with radial coupling to strong higher m-number modes,
whereas in the case of high p-poloidal and high-q (#5214), the radial coupling is
stronger and there is no one dominant internal mode.

The ERP events as shown in Fig. 3 correlate well with sudden drops in the
diarmagnetic signal, with Ha spikes, with the drops in the external X-ray diodes, with the
high frequency bursts (100 kHz and higher) in the radial field signal, and with the
decrease in the fast particle loss modulation. They do not correiate at ail with the drops
in the neutron flux, indicating that the ERP losses represent only thermal energy losses.
The ERP contribute 0.5% energy loss per evant with a repetition time of 1.4 ms,

If we assume that the underlying plasma confinement properties during the
-collapse phase are the same as those at 500 msec when fittle or no MHD activity was
present, we can determine what additional losses are ascribable to the MHD activity
during the p-collapse. With this assumption, the dw/dt term at 580 ms should have a
value of +1.1 MW. The total additional loss required to explain the p-collapse is 1.4 MW.
An increase in radiated powsr, as measured by bolometry, accounts for 450 kW of this
loss. The ERP contribute 400 kW to the loss, leaving 550 kW attributable to the n=1
continuocus mode, thus making this mode contribute a comparable amount to the

p-collapse.

3. Conclusions,
We have shown that the observed B-saturation and collapse in PBX can be
explained in terms of lang wavelength MHD and ERP activity, and that there is no need



to invoke ballooning modes. The p-saturation and collapse phases are different in
terms of the MHD activity. The saturation phase is dominated by the fishbones, ERP,
and n=2 or n=3 modes, but anly the fishbones and ERP contribute substantially to the
energy loss. The p-collapse is caused primarily by a strong n=1 continuous mode, and
to a lesser extent ERP, and additicnal radiation losses. The n=1 continuous mode is
responsible for both thermal and beam energy losses, and the ERP only for thermal
energy losses. This continuous mode for high p-poloidal differs from the one cbserved
at medium p-poloidal by not having an m=1 component, and by exhibiting a strong
radial coupling of modes and no one dominant internal meode.
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Figure Capiions

Fig. 1. Diamagnetic loop and Hea signals from the divertor region during neutral beam

injection.
Fig. 2. Signals from various diagnostics during the last part of p-saturation.
Fig. 3. Signals from different diagnostics during a part of the p-collapse phase.

Fig. 4. Comparison of the amplitude modulation and the phase change of the n=1
continuous mode during the p-collapse phase for medium q-edge medium-p (#255),
and for high g-edge high g-poloidal (#5214).
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