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' Abstract

A beta degradation event in a high tip, TFTR tokamak plasma is

" analyzed with X-ray and electron cyclotron emission (ECE) imaging

techniques. Medium-n (toroidal mode number) instabilities with

ballooning characteristics are observed near and within the q =1.5 surface

during a slow degradation in the plasma 13 and precede a sudden.partial

collapse in the central plasma pressure. This is the first reported

observation of a ballooning instability in the interior of a large, collisionless

tokamak plasma.
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The economic feasibility of tokamaks as fusion reactors is strongly

dependent on the maximum value of 13 (the ratio of plasma to magnetic

field pressure) that can be achieved in these devices. The t3 in present

tokamak experiments is limited by fast disruptions that terminate the

discharge, or by instabilities that either suddenly or gradually degrade the

plasma confinement. Empirically, it has been found that the maximum ]3

obtained in tokamaks is consistent with the Troyon limit [1],

_max = 3xi0"8 I( A )/a( m )B (T), which is derived from a combination of

experimental data and theoretically predicted instability thresholds for

ideal magnetohydrodynamic (MHD) kink and ballooning modes. However,

ballooning instabilities, which theoretically have fast growth times

(--,10 _s) and short wavelengths perpendicular to the magnetic field, have

not yet been observed and identified in large tokamak experiments.

A significant result of the present work is the observation of

medium-n, (4<_.n <10) ballooning modes that appear in a series of

discharges in TFTR designed to achieve high /Jp (13p>--2) operation [2]. The

modes occur during a slow degradation in the plasma 13 and precede a

sudden partial collapse in the central plasma pressure. The amplitude of "

the mode is larger on the outboard (low-field) side of the torus and has a

fast growth rate, characteristic of an ideal MHD ballooning instability.

While high-n ballooning modes were observed in a small, short pulse-

length resistive plasma in TORUS II [31, this is the first reported

' observation of a ballooning mode in the interior of a large, collisionless

tokamak plasma.

Figure 1 shows the time evolution of plasma parameters for

two high /3p plasmas, one with, and one without a degradation in poloidal
beta. The plasmas were created by rapidly decreasing the plasma current

prior to neutral beam injection. The discharge heated with 18 MW of
6

power (shot 54018) experiences a gradual degradation in /3p beginning at

t =3.77 s, and a sudden collapse in the central density at t = 3.78 s.

MHD oscillations are also greatly enhanced at this time, leading to a

reduction ira plasma confinement. The other discharge shown does not
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suffer a similar reduction in plasma parameters. This plasma has the same

evolution of total current, but is heated with only 15 MW of neutral beam

power.

The time evolution of the electron temperature profile and the soft

, X-ray emission profile at the moment of the /3 collapse is shown in Fig. 2.

The electron cyclotron emission (ECE) is measured with a 20 channel

grating polychromator which is cross-calibrated to a Michelson

interferometer [zt]. The data is collected with a 2_s time resolution

covering the major radius from R = 2.3 - 3.3 m. The channel separation

is 6cm with a radial resolution of 3 cre. The soft X-rays are detected with

a vertical camera (20 detectors) and a horizontal camera (60 detectors) [5].

lt is useful to subtract the time averaged part from the total ECE signal and

view the perturbation profile, Fig. 2(b). The contour plot of the

perturbation amplitude provides a visual representation of the instabilities

and facilitates identification of the location and relative spatial intensity of

, the oscillations [6].

The slow degradation in /3p begins at 3.7 s with the growth of an
_ (m, n) = (3, 2) mode. The (3, 2) mode has only a weak effect on

confinement. About 80ms later, (at t = 3.7799 s) a fast drop in the

central electron temperature occurs. Hereafter, we will reference times

from t = 3.7795 s, defining ,_t = t - 3.7795 s. A second, higher

frequency mode starts to grow at zXt=0.14 ms. These modes are located

_ near the radius of the (3, 2) mode. After the onset of the higher frequency

mode, the MHD activity expands inward. At zXt= 0.3 ms, a strong n = 6

mode appears and the flattening of the temperature profile near the

° q = 1.5 surface is completed° During the crash (At = 0.35 - 0.43 ms), a

. (1, 1) mode appears and the central electron temperature decreases.

Following the crash, the (3, 2) mode appears along with the (I, I) mode.

* "['he medium-n mode has a growth time of less than 20 its. This last mode

shows a strong inside/outside asymmetry with a larger amplitude on the_

weak field side as might be expected for a ballooning mode [see Figs. 2 and

3(e)]. A similar instability has been observed in other TFTR discharges
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(about 20) for which the fast time resolution ECE data has been analyzed.

A summary of a few of these shots is given in Table 1.

The ballooning mode is not detectable on the Mirnov coil system, _,

thus the usual method of identifying mode numbers cannot be used.

Identification of the toroidal mode number is made by taking advantage of

the 18o separation of the horizontal X-ray camera and the grating

polychromator. Comparison of the ECE profile and the horizontal X-ray

profile gives n = 6 +-. 1.

The poloidal mode number of a helical instability in a tokamak

plasma can be estimated by simulating the X-ray emission of a perturbed

model source function [7]. By rotating the model X-ray source function

toroidally at the proper frequency, the simulated signals can be compared

with the actual signals to obtain the m number for the observed n = 6

instability (Fig. 3). The experimental data describing the initial growth of

the mode is well modelled by invoking a helical "wave packet"

perturbation that is localized in the poloidal and toroidal directions. The

best agreement is obtained between the simulation and experiment when

a perturbation with m = 7 + 2 is used [see Fig. 3(b, d)], but whose

amplitude is significant over approximately 3/7 of the poloidal cross

section. The terminology "(m, n)=(7, 6) wave packet" means that the

instability has a (7, 6) helical structure. This source function model is

shown in various phases in Fig. 3(f, g) corresponding to the times shown in

Fig. 3(b, d). Obtaining agreement with the measured signals also requires

that the Shafranov shift of the magnetic axis is included and that the

localized perturbation amplitude of the mode increases when it resides on

the weak field side of the torus [shown in Fig. 3(g)], characteristic of a

ballooning instability. The maximum peak-to-peak amplitude of the

experimentally measured soft X-ray fluctuaf:ion level [Fig. 3(e)] exhibits a

similar ballooning feature.

These discharges have been modelled using the TRANSP code [8].

The equilibrium representing the plasma prior to the degradation in tip

was computed by a two-dimensional flux-coordinate equilibrium solver



using the radial pressure, q profiles and outer boundary information taken

from the TRANSP simulation. At t = 3.75 s, the central q value was 1.28,

, th,e edge q was 14.7, and a region of low shear was present near q = 1.5.

The pressure profile was peaked, with the ratio of central to volume

, av.eraged pressure being 5.5. Although the simulated profiles near the

magnetic axis are uncertain, the absence of sawtooth activity gives

credence to modelling qo > 1.

The stability to both kink and ballooning modes was computed for

these equilibria. It is found that prior to the sharp drop in the central

pressure, the plasma is close to the threshold for instability to high-n

ballooning modes. The computed equilibrium remains stable (near

marginal stability) when qo is reduced from 1.28 to 1 [Fig. 4(a)]. Stability

to low-n ideal MHD modes was determined using the PEST code [9]. The

plasma was computed to be stable to the n = 1 external kink mode and

unstable to an n =6 internal ballooning mode. The peaked pressure and

0 low shear near the magnetic axis suggest that the instability is of the

infernal type [10]. This was verified by examining the stability while

varying the toroidal mode number. The dependence of the growth rate on

n has the oscillatory behavior typical of infernal modes. A similar resonant

behavior is expected if q o is varied, with different m/n numbers being

unstable [Fig. 4(b)]. The instabilities have predicted growth-times in the

range of 10--, 50_, which compare quite well to the observed values.

A major difficulty in equilibrium and stability analysis of this type is

the experimental uncertainty in the plasma pressure profile (especially the

nonthermal component) and the q profile. Efforts to obtain detailed

measurements of the equilibrium q profiles will be carried out in the

future to improve the comparison between theory and experiment.

In summary, ballooning modes of med_um-n value have been

' observed in high /3p plasmas with pressure gradients calculated to be near

the first stability boundary. The following observations support the

identification of these modes as ballooning modes: (1) the identified

toroidal mode numbers (4 <--n <_.10) are much higher than the usual kink or



tearing mode, (2) the modes are stronger on the weak field side of the

torus (i.e., they exhibit a strong ballooning characteristic), (3) the growth

rate of the modes is consistent with the calculated ballooning mode growth

rate using linear ideal MHD stability theory, and (4) reconstruction of the

plasma equilibrium shows the pressure gradient to be near the first

stability boundary and unstable to infernal-type ballooning modes.
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Figure Captions

FIG. 1.

Summary of the time dependence of various plasma parameters for two

high 13p discharges. The solid line indicates the beta degradation case (shot

54018) and the broken line indicates a case in which /3p saturates (shot

54013). The vertical arrow indicates the time at which the ballooning

mode is observed.

FIG. 2.

Contour plots of the time evolution of the ECE profile in shot 54018: (a)

electron temperature profile; the contour step size is 300 eV, (b)

perturbation of ECE signal, (c) chord integrated soft X-ray emission profile

(horizontal view).

FIG. 3.

Comparison of observed soft X-ray signals and the signals simulated by the

model source function: (a) the observed soft X-ray signals from the w

horizontal camera, (b) the simulated waveforms from the horizontal

camera by the (m, n)=(7, 6) model, (c) the observed soft X-ray signals from

the vertical camera., (d) the simulated waveforms from the vertical camera

by the (7, 6) model, (e) maximum peak-to-peak amplitude of the

fluctuation between 3.77977s and 3.77984s, where the hatched area is the

base fluctuation level which is sampled between 3.7794s and 3.7796s, (f)

"wave packet" model source function at time "A", (g) "wave packet" model

source function at time "B". The times "A" and "B" are shown in frames (b)

and (d). Note that the amplitude of the perturbation has increased as it

has moved to the weak field side of the torus.
0

FIG. 4.

(a) High-n ballooning stability for high-_p discharge 54018. The solid line "

indicates the equilibrium pressure gradient at t = 3.75s. The enclosed



region is unstable to high-n ballooning modes. The pressure gradients are

plotted vs. the square root of the normalized poloidal flux, which

corresponds to the minor radius. (b) Growth rate of infernal modes with

various toroidal mode numbers vs. qo" The values are normalized to the

. poloidal Alfven frequency.
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TFTR precursor Ballooning mode

Shot No. /3p qa (m, n) n _ts)-_ I_I...... u_ _ _., , .,,, _. , ,,.,.., _ i _r " _ _.... i' '_"

44677 1.3 5.9 not clear 4 50

53356 1.6 4.9 (3, 2) 6 80

54017 1.9 7.5 (4, 3) 3 20

54018 2.1 7.6 (3, 2) 6 30

54021 2.2 7.5 (3, 2) 6 20 '
---- [ I I I I I II I

TABLEI. Summary of discharges in which medium-n modes are

observed. The toroidal mode number of the ballooning instability, the

growth time and the precursor mode are given, along with the plasma edge

safety factor and /3p. The mode growth time generally decreases as the /_p
increases.
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