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Abstract 
PBX discharges run at the lowest q and highest (0t) always terminated in 
a hard disruption. The discharges, with (fit) values of up to 5.5% and q-
values down to 2.2, were obtained by employing large current ramps and large 
gas feed rates during neutral beam injection. Previous work has indicated 
that the achieved {3(}-values were consistent with the limit imposed by the 
n =1 idea] external kink with a conducting wall at b / a~2 . In this work, we 
investigate further the validity of ideal MHD theory in explaining the low-tfa 
disruptions. In particular, the character of the pre-disruption MHD activity 
in these low-q discharges, specifically the time scales of growth and internal 
and external mode structures, was compared with those determined from 
theoretical calculations. The results of these comparisons indicate that non-
ideal effects must be considered to obtain detailed agreement between theory 
and experiment. 
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1. Introduction 

Noncircnlar lokamak plasma operation theoretically allows access to the 
second regime of stability to both ballooning and internal kink modes for 
moderate to large aspect ratios (R/a>4)| l-3J. To this end, the Poloidal Di-
vertor Experiment (PDX) was converted to the Princeton Beta Experiment, 
PBX, by relocating a dome divertor coil to the vessel midplane to provide a 
means to form indented plasmas[4j. With this configuration, and with up to 6 
M\V of perpendicular plus parallel neutral injection power, (fit) values up to 
5.5% were attained in plasmas indented by 22%,5.6]. Here, {fit) is the volume-
averaged ii calculated with the plasma pressure normalized to the volume-
averaged toroidal field pressure. The method of achieving these high {fit) 
plasmas consisted or employing a large current ramp rate ( / p > 1.5 M A/sec) 
and strong gas puffing during the neutral injection phase. During the large 
current ramp period, internal m = l / n = l modes, present during the early 
stages of NBi in these discharges, disappeared. Details of this Long Sawtooth 
Modt i>r operation are discussed elsewhere|6|. 

During the Long Sawtooth Mode, qmhd decreased to values < 3.5 and 
sometimes to values as low as 2.1 to 2.5, corresponding to qeyl ~ 1.0 and 
indicating plasma operation at extremely high average current density. Here. 
<jmhd is taken to be the q-value computed by a free boundary equilibrium codsf ĵ, 
at the 95% flux surface^!, and q^i is the q for a cylindrica] discharge of eqt t*; i^ i 
cross-sectional area and current. A universal feature of the low gm^d plasmas °" 
was a discharge-terminating hard disruption during a period of increasing 
{fit) and / p . Values of {fit) achieved just prior to the disruption at full beam 

power corresponded to ( A } / ( - ^ ) = --0 t o —5, indicating that despite 

the high value of {fit) (> 4.5%), the plasmas still resided in the first regime 
of stability! 7,8;- A global stability calculation, based on the equilibrium 
configuration of these high-(/3t) discharges, indicated that the value of {fit) 
achieved just prior to disruption was consistent with the limit as defined by 
the n - I ideal external kink mode with a conducting wall at twice the plasma 
half-widthlri . 

The purpose of this paper is to investigate further the relevance of ideal 
MUD theory. This involves comparing theoretical and experimentally ob
served mode characteristics. In order to do this, the discharge stability 
must be determined, just as was done for the global stability calculation. 



An important first step in this process is the preparation of the discharge 
equilibrium. The equilibrium is calculated assuming that the total plasma 
plus beam pressure profile is proportional to the electron pressure profile as 
determined from the 56-point Thomson scattering system. Then, the Grad-
Shafranov equation is solved, the equilibrium solution being constrained by 
various experimental information such as coil currents, plasma current, flux 
loop signals, and diamagnetic loop output. With these constraints, the high-
(8,} discharge of interest ((0,) ~ 5%) was best modelled by taking q{0) in 
the range from 0.8 to 0.9. 

The results of the equilibrium calculation are then input into the PEST 
code's' for determination of discharge stability. The PEST code is a linear, 
ideal MHD spectral code which uses the energy principle to determine sta
bility to small perturbations from an equilibrium condition. In the PEST 
calculation, the equilibrium is mapped onto a nonorthogonal magnetic field 
line coordinatt system (ip, 0 ) , with 100 radial and 128 poloidal mesh points. 
For the low-<fo disruptive discharges being studied, the principal modes of 
interest are the low-n { = 1) kink modes. 

It was from these PEST global stability calculations that the ideal n—1 
external kink was identified as the (/3()-limiting mechanism. This conclusion 
was based on the agreement between the measured and the calculated {0t) 
assuming q(0)=0.89 and that a conducting wall resided at twice the plasma 
midplane half-width. The agreement between the measured and calculated 
{3t} values is a necessary but by no means sufficient criterion for identify
ing the external kink as the instability which limits (/?,), especially since 
the placement of the wall is somewhat arbitrary. In fact, the placing of the 
wall at b /a=2 and using q(0) = 0.89 was just one of the q(0), b /a combina
tions that gave agreement between the measured (fjt) and the limit given 
by the external kink: however, it is a combination that is consistent with 
the experimental constraints imposed upon the plasma equilibrium by the 
measurements. Other experimental results[10] have also indicated the pos
sible importance of invoking a cold mantle around the plasma to explain 
observations. 

We attempt in this paper to provide a more precise comparison between 
the theoretical and experimental results by examining the actual mode struc
tures and growth times. While the linear, ideal description is used as a 
jumping-ofT point for the comparison, the spirit of this paper is such as to 
ask what modifications to pure ideal theory must be made in order to bring 
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the experiment and theory into agreement, and are these modifications rea
sonable. We shall show that ideal theory is only a zero"1 order description of 
the observed activity, and that relaxation of the ideal constraints is necessary 
to bring about reasonable detailed agreement. While the relaxation of the 
ideal constraint may at first seem ad hoc, it nevertheless a posteriori serves 
to illustrate effects that may be necessary to consider. 

2. Results 

2.1. Mode Activity Before. Disruption 

The Long Sawtooth Mode discharges exhibited a period of little or no 
MHD activity up to a time of tens of msec prior to the disruption. At 
that time, MHD activity, as measured by magnetic coils outside the plasma 
and two soft X-ray detector arrays, was observed to increase slowly at first, 
and then undergo a rapid growth. An example of the final, approximately 
exponential growth of the precursor activity is shown in Fig. 1. Shown is » 
the Bg signal, as measured by a magnetic pickup loop on the plasma mid-
plane, approximately 20 cm outside the plasma edge. The growth time of 
the mode is 120 psec for this case. Just prior to the final growth, the mode 
had a characteristic frequencv of 9 kHz and a peak amplitude of 6.5 Gauss 

C D 
(-jr- ~ 0.3%) at the coil. Just prior to the disruption, the discharge had 

the following characteristics: lv = 520 k.\. Bt = 0.9 T, ind - 20%, Wc = 
5 x 10 1 3 cm-3, q m h d = 2.9, Pini = 4.3 MW D° -» / / + , and (8t) = 5.0%. 
For this discharge, the precursor mode led directly into the growth phase 
of the plasma disruption at 574.8 msec. However, this was not always the 
case; often the precursor growth led to an internal disruption followed by a 
period of several msec, typified by little or no oscillatory magnetic activity, 
between the internal and final disruption. The soft X-ray structure of the 
internal disruption resembled a sawtooth, consisting of a centra) collapse 
and an inversion approximately at the q=l surface. There were differences, 
however, between the internal disruption and sawteeth that will be discussed 
in a future report. It is important to note that (A'j.'jn a given shot, decreased 
with the first internal disruption, and never completely recovered. Thus, it 
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was the initial internal disruption, arid not the final disruption (if they were 
separate) that was the {/^-limiting process. The edge oscillations and mode 
growth, as seen on the Mirnov coils, were often accompanied by oscillations 
and growth of m = l / n = l internal modes, as seen on the soft X-ray array. At 
first, this result seems inconsistent with a limit imposed by a surface mode, 
This apparent paradox will be resolved in Sec. 2.4 where it is shown that an 
n - 1 external kink drives a large m=l component for certam conditions in 
PBX discharges. 

2.2. Probability of Disruption 
As mentioned, a universal feature of all plasmas with q^hd < 3.5 and 

with indentations > 5% is a discharge limiting disruption. This is true for all 

discharges regardless of the ratio of {0t)[{—=-•) . i.e.. how close the plasma 
aBt 

is to the first regime limit. In this section we will examine the probability 
that a discharge will disrupt as a function of q$. The motivation for this is 
twofold; firstly, the results will serve as a quantitative indicator of discharge 
survivability within the operating space that leads to high-{/?(}. Secondly, 
how the disruption probability changes as a function of q& may serve as an 
indication of the type of mode responsible for the disruption. 

Fig. 2 is a histogram of the number of discharge disruptions as a function 
of the 

Imhd at which the discharges disrupted, grouped in bins of A < j m W = 0.1. 
The data are taken From a subset of PBX discharges that were attempting 
to reach low q, so while the histogram is representative of discharges with 
9mW < 3.5, it contains little information for values of qmhd greater than this 
value. Since all the discharges with qmhd < 3.5 disrupt, the figure reflects 
the probability that a plasma with a strong current ramp will achieve a 
particular qmhd- The sharp peak in the number of disruptions at <?,„>„; s; 
3.0 indicates the difficulty in attaining low-q as well as strongly suggesting 
that edge-q is an important parameter for plasma stability. The skewing of 
the distribution towards higher qmhd indicates that relatively few discharges 
survive to the lowest q-values, < 3. While some survived to ~~ 2.5, only 
one shot lasted to lower-q; this is in contrast to high-(,i3() circular discharges 
on PDX where qm>ui == qcyi ~ 2.0 were routinely achieved. However, as 
previously mentioned, many qmhd < 3.0 PBX discharges had equivalent qryt 
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values of approximately one, reflecting the much greater current carrying 
capability of shaped plasmas. 

Fig. 2 includes many data for which there was a small delay between the 
internal and final disruption as discussed above. This means that 9mhd=3.0 is 
a good predictor of the occurrence of an internal disruption, strong evidence 
that the internal disruption is driven by a global mode. 

2,3, Time Scales 
As stated previously, the process limiting {#<) at this low-q is believed to 

be the ideal n= 1 external kink mode(6j. A test of the validity of ideal MHD 
theory can be made by examining the main characteristics of the disruption 
precursor mode, the mode believed to be the external kink. The first char
acteristic to be studied is the time scale on which the mode grows and leads 
to the disruption, and the second is a comparison between the measured 
internal and external mode structures and those theoretically predicted. 

The estimated average time scale of the final growth for the mode shown in 
Fig. 1 was 120 fisec. Typically, the growth times of the disruption precursor 
ranged from 10's /zsec to < 2 msec. Typical ideal time scales are given by 
the poloidal Alfven time, which is 

TA = pt/2a/ Be = 2 fisec, 

although, as pointed out by Wessonjl 1), the time scales for ideal mode growth 
can be an order of magnitude higher, even with no conducting wall, for m-
nq==0. A typical resistive time scale is 

T = (TJJ" TJ ' 4 ) ^ 1 msec, 

where Tp is the resistive skin time. The range of observed growth times is 
generally bounded from below by the ideal time scale, and from above )\v the 
resistive time scale. The PEST stability calculation does yield mode growth 
times: however, the computed values show a great deal of variability. For 
instance, when q(0) was varied from C.85 to 0.95 to study the sensitivity of 
the (3,)-]irnit and mode growth to variations in this parameter, the calculated 
growth rates varied by a factor of four to five, although they still remained 
in the ideal range (few to tens fisec). Because of the sensitivity L<> q(0), 
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and because the growth rates determined by PEST are linear ones, we do 
not believe it to be relevant to make direct comparisons between the PEST 
growth rates and those observed experimentally. 

What is of importance is to ask whether there are any effects within 
the framework of ideal theory that can cause a slowing of mode growth to 
yield the range of growth times observed. Some of these effects include the 
presence of a stabilizing conducting wall (which was found to be necessary 
in the PEST calculation to bring the measured and theoretical {/?()-limit 
values into agreement(6l). A second effect that would slow the mode growth 
rate is the presence of a pressureless plasma mantle in the region exterior 
to the plasmal 12]. Independent of these considerations, a slow mode growth 
can occur naturally and arises from the observation that the onset of the 
instability usually occurs as a result of plasma parameters, such as the current 
or pressure, evolving in time through the marginal state for the instability. 
Calculations which take this effect into account show that the mode growth 
rate is not simply a pure exponential growth, but one which increases with 
time and is a function of both the slow evolution time of the equilibrium and 
the fast time which is usually associated with the mode, the poloidal Alfven 
time in the ideal case. A rough estimate of this effect can be obtained as 
follows. Assume that the mode equation can be modelled as: 

-^ 4- [Fc - F(t)\t = 0, 

whert Fe is the critical threshold of the mode and F{t) is the evolving equi
librium state. If F(t) = Fc + tF(t), then we have 

where r - F 1 / 3 £ , i.e., Airy's equation with solution 

£ = aAi{r) + 0Bi(r). 

A characteristic time for the mode is therefore 

r„ = F - ' / 3 . 
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A heuristic estimate of TC for the external kink mode can be made if we 
write the usual dispersion relation for the straight circular cylindrical model 
with constant current and wall at r^b in the form{13) 

tP£ 2 . w m — nq . 

, d2 

where we replaced -ui by — and defined TJ , the hydromagnetic or poloidal 
Alfven time, as before, and f the displacement. If the total plasma current 
is increasing in time through the marginal state, then 

m - nq = ~nqt = nqtl/1. 

so that for the external kink 

i.e., a hybrid time between the poloidal Alfven time and the evolution time 
(r e = 111) of the equilibrium. In this case, the position of the wall does 
not enter. Applying this to our typical PBX parameters where n = l , qmhd ~ 
3, rt s= 0.35 sec, and rA =s 2 psec, we find for the characteristic time, 

r c == 62 fisec. 

The mode growth time, defined by T S = (dln£/dt)~l, differs from r c and 
decreases with time. After one characteristic time we can approximate £ ~ 
Bi{t) and find that rg = r c at t = TC. Moreover, the time taken for rg to 
be ~- TA is roughly the equilibrium evolution time, r e (usually 3> r e ) , before 
which the plasma discharge usually terminates. The situation is, therefore, 
that Tg > TC before TC, TB < r c after TC, and usually rg 3> TA. In this model 
TS > oc at t = 0, but in reality the upper limit could be determined by 
background plasma fluctuations. 

The value of r c of 60 /xsec obtained here from the albeit crude cylindrical 
model is still smaller than a good share of the observed growth times, so that 
either the plasma is disrupting before t — TC when rg is calculated or other 
effects slowing the mode growth must also be playing a role (as discussed in 
the next section). 
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2.4. Mode Structures 

As described in the introduction, the PEST calculation is used to de
termine the discharge stability to small perturbations from an equilibrium 
condition. Since the entire discharge equilibrium is tested for stability, both 
internal and external mode structures may result. We do not a priori re
strict ourselves to considering either internal or external modes. For the n = l 
modes of interest here, the results of a PEST analysis are displayed in Fig. 3. 
Fig. 3a shows a projection of the plasma displacement onto the x-z plane at 
a particular toroidal angle (<1> = 0); as <I> is increased, the pattern rotates and 
returns to this configuration at <P = 2ir. The arrows indicate the direction 
and the length is proportional to the amplitude of the displacement. The 
mode structure is Fourier analyzed and the radial variation of the different 
harmonics is shown in Fig. 3b. This shows only the radial components of the 
displacement vector, £& — r£ r , and is used to demonstrate the dominance of 
the m — 1 component. This analysis is for a free-boundary case, hence, the 
radial displacement at the plasma edge, <I* = 1, is finite. However, the differ
ent harmonics tend to cancel out as seen in the arrow-plot and the dominant 
contributions are due to the m = l and m=2 inside the plasma. 

A large m== 1 mode is observed experimentally, as is seen in Fig. 4. Plotted 
in the figure are the relative amplitudes (a) and phases (b) of the internal 
fluctuations of the disruption precursor mode, just prior to the disruption 
itself, as seen by the horizontally viewing soft X-ray array. The amplitudes 
and phases are plotted as functions of Z, where Z is the distance from the 
midplane to the intersection point of the vertical at R=145 cm and the X-ray 
detector sightline (the major radius of this discharge was Ro = 144 cm). The 
precursor mode in this case, with a frequency of 17.5 kHz, shows a maximum 
relative amplitude of 20 to 25 % at Z=±12 cm (Fig. 4a), the approximate 
location of the q=l surface as determined from the equilibrium calculation. 
The phase plot (Fig. 4b) indicates a ~180° phase jump across the center of 
the plasma, indicative of a clear m= 1 mode at this frequency. The quality of 
the data at targe negative Z is poor, and this is reflected by the targe error 
bars in the relative phases for Z < -25 cm. 

The PEST stability analysis has been recently modified to allow the com
putation of the expected magnetic signals at various points in the vacuum 
vessel in order to compare these signals with the measured ones. To minimize 
the danger of comparing the linearized PEST modes with the observed ones, 
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which may have significant nonlinearities. the time point of comparison is 
just after the onset of growth leading to the disruption. The comparisons are 
shown in Fig. 5. The measured signals are plotted in Fig. 5a for the usable 
Minn>v coils. Plotted are the lime-integrated signals, Bg, just prior to the 
disruption. For orientation, coils 1 through 12 form a poloidal array at one 
toroidal location with coils 8 and 2 being on the inside and outside midplane, 
respectively. Coil pairs (13,14) and (15,16) are also midpiane in/out pairs, 
but they are displaced 90° and 180° toroidally from the (8,2) pair. 

The perturbed signal, as calculated by PEST, is plotted as a function 
of toroidal angle, $ , in Fig. 5b. Note that the abscissae in Figs. 5a and 
b are assumed to be related through a simple toroidal rotation of an n - I 
mode stationary in the plasma frame. The signal was calculated for a n n ^ l 
mode with the conducting wall at infinity. Moving the wall into b / a - 2 has 
little effect on the relative phases of the magnetic perturbations. The lines 
connecting the signals in Figs. 3a and 5b are merely to help guide the eye 
in translating the instantaneous amplitude and phase of the measured signal 
for comparison with the theoretical one at the appropriate toroidal angle. 

There are several things to note from this comparison. First of all, the 
relative amplitudes of the theoretical signals, in general, agree quite well with 
those of the measured signals. Additionally, the phases of coils 1 through 4, 
". 9, 12. 14. and 16 also show good agreement between experiment and 
theory. The loops for which the phases disagree are numbers 6, 8, 13, and 15 
(denoted by "x" ' s in Fig. 5b), all of which are located on the inner wall. For 
these coils, the phase disagreement between theory and experiment is about 
180°; that is. while we expect an even poloidal mode structure from ideal 
calculations, observationally we see an odd mode, more specifically an m=3. 

The discrepancy between the observed and expected phases point to 
the inadequacy of ideal theory in this case. In the ideal MHD limit, since 
iBn -x (m-nq)^, where bBm and £ m are. respectively, the radial perturbed 
magnetic and fluid displacement amplitudes of the m'h Fourier component, 
the magnetic perturbation of the m—3 component would be close to zero at 
the plasma vacuum interface since qmtui "-? 2.93 for this discharge. Since the 
radial magnetic field is continuous across the interface and an m = 3 compo
nent is clearly observed in the vacuum region, there must be some mechanism 
by which this component can be supported. One such mechanism is the pres
ence of a cool, resistive external plasma mantle. To model the possible effect 
of such a resistive mantle, we increased the value of £3 in the simulation 
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so that arbitrarily SB3 ~ SB4. This somewhat ad hoc treatment should be 
viewed as a Gedanken experiment in which we ask what are the possible mod
ifications to the pure ideal theory that are necessary to bring experiment and 
theory into agreement. The consideration of a cool, resistive plasma mantle, 
found to be potentially important for explaining Dill data[10], is certainly 
one reasonable modification. The recomputed magnetic perturbation signals 
and comparisons are shown in Fig. 6. It is seen in this figure that now all of 
the loops, except for loop number 6, show phase agreement between theory 
and experiment. Loop 6, as well as the other loops located on the inner 
wall, is close to metal conductors which are not accounted for in the the
ory. This effect of resistivity is reminiscent of the kink-tearing calculation of 
Pogutse[12j which could also account for a significant decrease in the growth 
of the mode below the pure infinite resistive vacuum model. 

From the observations by the soft X-ray array and the Mirnov coils, it 
can be concluded that the MHD behavior near the disruption is adequately 
described by external kink modes with significant m = l / n = l structure inside 
the plasma. The magnitude of this component may depend on q(0), the lo
cation of the q = l surface, and possibly the q-profile at q = l . This hypothesis 
is consistent not only with the mode structure but with the observed depen
dence of the strength of the central m = l / n = l component on small changes 
in discharge parameters near the time of the disruption. An example of 
this is that discharges that survive to lower qj^hd have a smaller m = l / n = l 
amplitude just before disruption. Although measurements of the significant 
parameter q(D) are not available at.present, this hypothesis, supported by 
theoretical analysis, can indicate possible paths to improve MHD behavior 
and to stabilize the hard disruption. 

3. Summary and Conclusions 

The (ft)-limit in PBX \nw-qmhd plasmas is manifest as a discharge limit
ing disruption, in either a two-step (internal disruption followed quickly by 
a total disruption), or an immediate disruption. The disruption follows a 
period of up to 150 msec of MHD quiescent behavior, interrupted only by 
small amplitude magnetic and soft X-ray activity growing slowly over :«20 
msec before the disruption <tnd culminating in a much more rapid exponential 
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growth with growth times of order 10 fisec to several msec. This activity was 
observed to be m = l / n = l internally from the soft X-ray array and m = 3 / n = l 
by the Mirnov coils. Previous work suggested that the n = l ideal external 
kink was responsible for the {/3t)-limit in these low-q discharges[6]. Here, an 
effort was undertaken to compare the characteristics of the observed predis-
ruption MHD activity with those expected from ideal theory. The character
istics studied included time scales and mode structures of the internal and 
external activity. 

The comparisons between the theory and experiment were performed pri
marily with calculated results from the PEST stability code, which is based 
exclusively on linear, ideal theory. Because of theses limitations, and because 
of the uncertainties in key input parameters to the code, care must be taken 
concerning what code output to focus on- Observationally, the time scales 
for mode growth varied from /isec to msec. While the PEST calculations 
led to few to tens of fisec growth times, these values were found to be ex
tremely sensitive to input q(0), varying a factor of four to five as q(0) was 
varied from 0.85 to 0.95. In addition, the PEST growth time is a linear value. 
Therefore, the growth times as calculated by PEST are not indicative of the 
true experimental environment. An attempt to impose some real quasi-linear 
modifications of the growth time was made by taking into account how the 
plasma evolves through the state of marginal stability. This consideration al
lows a large range of growth times, up to the s=100 /zsec level, to be accounted 
for within the framework of ideal theory. 

The stability analysis results indicate that the eigenmode structure of the 
ideal n=l kink exhibits a predominantly m = l structure internally, and this 
is borne out observationally. The poloidal structure of the external magnetic 
signals do not show as good agreement between theory and experiment. Al
though the amplitudes of the various coil signals do show good agreement, the 
poloidal mode structure does not. The reason for this is the ideal constraint, 
which suppresses the amplitude of the m = 3 / n = l component (theoretically) 
near the plasma edge for this q^, ~ 3 discharge. Since an m=3 component is 
observed, it is clear that this ideal constraint is not valid, and one way to lift 
this constraint is to allow for a resistive plasma mantle which can support 
a finite m=3 component. Using this approach, the phases can be brought 
into agreement when the amplitude of the m = 3 component is taken to be 
the same size as that of the m—4 component. 

In conclusion, pure ideal MHD theory provides a resonable guideline for 
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global stability analysis and for the general conclusion that the n = l external 
kink is the mechanism limiting (/3t) in the low-q PBX discharges, although the 
oscillations couple to the interior of the plasma. This is consistent with using 
the Troyon-Sykes /3-lirnit as a useful guide for stability thresholds since this 
limit is also based on ideal MHD simulations. However, the ideal theory alone 
leads to discrepancies between the experimental results and the theoretical 
predictions regarding the precise characteristics of the MHD activity that 
leads to the disruption. Imposing effects outside the scope of ideal MHD 
theory is necessary in order to bring about more detailed agreement at this 
level. 
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Figures 

Fig. 1. Expanded time scale of the integrated magnetic signal for a discharge 
with zero delay showing the final, approximately exponential growth of 
the disruption precursor mode. The dashed line schematically indicates 
the approximate exponential growth of the oscillation envelope. 

Fig. 2. Probability of disruption as a function of q^j^i in bins of AqmhA = 0.1 
for PBX discharges. The distribution of discharges used to produce this 
figure is weighted towards lower qmhd(< 4). 

Fig. 3. Eigenmode structure of the displacement from the PEST analysis, (a) 
the projection of the displacement vector onto the x-z plane at a partic
ular toroidal angle, and (h) radial variation of the eigenmode harmonics 
Plotted are the radial displacement vectors. (,v - r£r. as a function of 
toroidal flux coordinate, il>. 

Fig. -J. The relative amplitude (a) and phase (b) of the disruption precursor 
as measured by the horizontally viewing soft X-ray array. The measured 
signal is a line integral. 

Fig. 5. Comparison of the time integrated magnetic signals measured exper
imentally (a) and calculated theoretically (b) for an n = l mode. The 
abscissae (time and toroidal angle) are related through simple toroidal 
rotation, as described in the text. 

Fig. 6. Same as Figure 5b'with SBa ~ 5BA. 
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