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POST-DISRUPTIVE PLASMA LOSS IN THE PRINCETON BETA EXPERIMENT (PBX) 
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ABSTRACT 
The free-boundary, ?xisymmetric tokamak simulation code TSC is used to 

model the transport time scale evolution and positional stability of PB.X. A 
disruptive thermal quench i-'ill cause the plasma column to move inward in major 
radius. It is shown that the plasma can then lose axisymmetric stability, 
causing it to displace exponentially off the raidplane, terminating the 
discharge. We verify the accuracy of the code by modeling several controlled 
experimental shots in PBX. 
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I. INTRODUCTION 

The Princeton Beta Experiment [1,2] (PBX) produces a highly noncircular 

cro.'ss-sectional bean-shaped plasma which enables it to operate at high current 

and high beta values. A well-known consequence of this cross-sectional 

shaping is the need to provide both passive and active feedback systems [3] to 

control the axisytmnetric instabilities and to maintain the desired cross-

sectional shape. In PBX, this is accomplished by three sets of passive 

aluminum plates connected top-bottom In antiseries, and by active feedback 

control systems governing both the radial field coils (RFj which control the 

vertical position and the vertical field coils (VF) which control the radial 

position. 

The radial position control and the vertical position control are closely 

coupled in PBX. This coupling, described further in Sec. V, is due to the 

strong radial variation in both the vertical destabilizing force from the 

external fields, and in the restoring forces from the fixed location passive 

conductors. The combined system is shown to lose stability if the plasma 

undergoes a sudden loss of thermal energy or a redistribution of current at 

high beta, high indentation operation. 

The Princeton Tokamak Simulation Code (TSC) [1] is used to model this 

device. This code was developed to model the axisymmetric transport time 

scale evolution and the positional stability and control properties of this 

[2] and other [5-7] noncircular tokamaks. The code is described in detail and 

is validated against analytic test problems in Ref. [4], In this report we 

first validate the code against experimental data by presenting comparisons 

with several controlled experimental shots in PBX. We then model a high beta 

plasma disruption in PBX and show that a small inward radial shift of the 

pla'smS, either caused by sudden thermal loss or by decrease of the plasma 
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internal inductance, can cause the system to lose ideal MHD time scale 

stability and the plasma will be lost to an axisymmetric mode. This result is 

in good agreement with the experimental description of disruptive PBX 

discharges in Ref. [8]. 

The modeling analysis presented in this paper is largely numerical, being 

the output of a large complex computer program, TSC. To be credible, we must 

show that this program can reproduce known results. Verification only against 

analytic models, as performed in Ref. [41, still leaves open the possibility 

that the underlying MHD equations utilized both by the analytic solution and 

by the computer program, are an inadequate description of the physical 

experiment. To this end, we present comparisons of the code predictions with 

several controlled experimental shots in Sec. II. 

II. CODE VERIFICATION 

The PBX experiment produces a magnetic data tape each shot on which is 

written the time history, with millisecond resolution, of the currents in each 

of the three coil systems; vertical field (VF), shaping field (SF), radial 

field (RF), the plasma current, and the values of the poloidal magnetic flux 

obtained by integrating the loop voltage at eight flux loop locations. We run 

TSC in a predictive mode, but use the experimentally measured values of the 

currents in the three coil systems. We also feedback adjust the rate of flux 

change from the simulation code ohmic heating (OH) coil system so that the 

computed total plasma current agrees with the experimentally measured values 

at each time point. 

To test the validity of the simulation model, we then compare computed 

values of the poloidal flux at the flux loop locations with the measured 

values. These should agree since the code also simulates the induced eddy 
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currents in the adjacent conducting plates and the vacuum vessel. We present 
the results of several such comparisons. 

A. Coils Only Shots 

In Figs. 1 through 3 we show the results of three calibration shots in 
which an individual coil system was activated but no plasma discharge was 
initiated. In Fig. 1 the VF system was pulsed (with some inductive coupling 
to the SF) while in Figs, 2 and 3 the SF and RF systems were activated. In 
part (d) of each figure is shown the flux contours of the magnetic field 
produced (dotted lines), the location of the experimental flux loops (crosses) 
the conducting plates, and some of the coils located inside the computational 
grid. The PBX vacuum vessel and the remaining poloidal fi.?ld coils are 
included in the calculation but are not shown. Their locations may be 
obtained from Ref. [1]. In these runs, the vacuum vessel was modeled as two 
vertical rows of zones located at R = 0.7 m, |Z| < 0.8 m and R = 2.18 m, 
|2| < 0.8 m. Each 4 cm » 4 cm zone has a resistance of 0.012R ohms. 

The passive plates are physically constructed of three up/down pairs of 
t.5-cm-thick solid aluminum. Each pair is electrically insulated from the 
others, but is connected together in midplane reflection antiseries so that if 
a net positive current appears in one plate segment, then the same net 
negative current must appear in its reflection. Each of the six plate 
segments is modeled with eight to ten computational zones as shown, with the 
constraint applied that the net current in each up/down pair of plate segments 
sum to zero. This construction makes the field penetration time for the 
radial field much longer than that for the vertical field. Each H cm * U cm 
computational zone modeling the conducting plates is given an electrical 
resistance of r = 0.00064R ohms where R is the major radius of that zone in 
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meters. The zero net current constraint for plate pairs is imposed as 
discussed in Ref. [H). 

In parts (a) of each figure are shown the experimentally measured current 
traces, which were also used in the calculation. In parts (b) and (c) are 
shown the comparison between the experimentally measured and the computed 
values of certain differences of the poloidal flux at the flux loop 
locations. The agreement between the theoretical and the experimental flux 
values, as shown in parts (b) and (c) of Figs. 1 thru 3, is seen to be quite 
good. He see from comparing Figs. 1(b) and 3(b) that the simulation model is 
able to reproduce the two time scale response of the passive plates quite 
well. The radial field in Fig. 3 requires several hundred milliseconds to 
penetrate, while the vertical field in Fig. 1 penetrates in tens of 
milliseconds. 

B. Vertical Instability 
In this controlled experiment, the plasma was held in a bean-shaped 

configuration 0.5 cm above the Z-Q midplane by adding an offset term to the RF 
active feedback system. At time t = 0.395 sec after plasma initiation, the 
RF feedback system is short circuited and the plasma displaces vertically off 
the midplane with an instability growth time characteristic of the L/R time of 
the passive aluminum plates. 

We model this experiment by running TSC in a predictive mode, but using 
the values of the actual experimental currents in the VF and SF system as 
described in the beginning of Sec. II. We include active feedback in the HF 
system, and offset the computation feedback system to match the offset 
currents in the experimental system. The TSC evolves the poloidal and 
toroidal fields using a neoclassical resistivity model with a "Z-effeotive" of 
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3.0. The electron and ion temperatures are evolved in time as described in 
Ref. [i\] using the transport model described in Appendix A. 

The plasma density is not evolved in time. Rather, we assume the density 
profile is of the form 

n(*,t) = n o(t){1-< J
a) a+n b , (1) 

where ill is the normalized poloidal flux which is zero at the magnetic axis and 
unity at the limiting surface. We adjust ^ Q(t) to agree with the 
experimentally measured valued of the line-averaged density. Values of 
a - 1.0, a - 2.0, n^ - 4.0E18 give good agreement with density profile 
measurements. 

We begin the simulation at t = 0.30 sec. The plasma evolves into a 
resistive steady state in which magnetic measurements at the eight flux loop 
locations agree with the experimental values. At time t - 0.395 the active 
feedback system in the code is shut off and the resistivity of •iach of the 
four computational cells in the feedback coils is set to 0.0003 ohms. The 
magnetic flux surfaces at the time of shutoff and at 75 ms after shutoff are 
shown in Fig. 4. We plot in Fig. 5 the time history of ihe difference of the 
flux in loops 1 and 2, which is a measure of the vertical displacement. The 
experimental data for this measurenent are also plotted in Fig. 5 for 
comparison. The agreement is seen to be quite good. 

As a sensitivity test, we have performed another simulation with the 
horizontal conducting plates moved 4 cm closer to the plasma both on the top 
and the bottom. The flux difference plot fo- this run, also shown in Fig. 5 
ia substantially different from the original simulation and the experimental 
curves. We can conclude that the simulation program can adequately resolve 
this difference between plate locations. 
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The TSC uses an "enhanced mass technique" to deal with the severe time 
scale discrepancy between ideal wave-like and resistive diffusion-like 
phenomena in a tokamak. As described in Ref. [4], this is equivalent to 
adding a fictitious viscous term arid increasing the ion mass by a large mass 
enhancement factor, typically several thousand. Normal resistive evolution 
and resistive time scale instabilities should be independent of this factor, 
while ideal time scale instabilities should exhibit growth rates proportional 
to its square root. Thus, as a second sensitivity test, we have rerun this 
simulation with the mass enhancement factor reduced by a factor of four, and 
ijith the artificial viscosity parameter reduced by a factor of two. The 
curves from these runs coincide with the original curves confirming both that 
the instability Is on a resistive as opposed to an ideal MHD time scale and 
that she code is adequately converged in these parameters. 

III. POST-DISRUPTIVE PLASMA LOSS 
A. High Beta Stable Evolution 

We have used the TSC to simulate the axisymmetric evolution of a high 
beta disnharge in PBX. The currents in the SF and EF coil systems are taken 
from the experimental data tape for shot t 95737. The total plasma current I 
and the central density n Q are adjusted to match the experimental values in 
the same way as is described in Sec. IIB. In this run the midplane line 
integral density increased nearly linearly from 1.3 * 10'9 at t = 0.25 sec to 
2.6 » 10 1' at t = 0,55 sec. We again utilize the anomalous transport model 
described in Appendix A. A "Z-effective" of 3.0 was used to match that 
obtained from spectroscopy. 

To model the neutral beam injection, we take an Ion energy source 
deposition profile to be a function of the normalized poloidal flux x of the 
form 
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s E u, t ) a s n

E ( t ) [ ( < * - a ) / d ) ( i - ; ) 2 ] , (2) 
o d* 

where a = 0.1, d = 0.5, and the normalization factor S^Ct) is prescribed to 
give 1.1 MW injection at t = 0.36 sec, 2.2 MW at t - 0.11 sec, 3.4 MW at 
t - 0.44 sec, and 4.5 MW at t = 0.52 sec, as shown in Fig. 8. 

The toroidal currents in the coil systems and in the plasma are shown in 
Fig. 6 as a function of time. In Fig. 7a we plot the flux differences between 
the flux loop values (I|M + il̂ ) and li>„ + i(io) (upper curves), and between {^ * 

*») and (4»c + *g) (lower curves). The good agreement between the computed and 
measured values of the upper curves of flux loop values was aided by allowing 
the simulation code to adjust a multiplier, f_, in front of the anomalous 
electron thermal transport coefficient as described in Appendix A. The value 
of f_ used in the simulation varied between 0.6 and 1.8 as shown in Fig. 8. 
The computed loop voltage, defined as the average of the time derivative of 
two flux loop values, (1/2) d/dt (41, + iK), is shown in Fig. 7b along with the 
experimental value. 

It is remarkable how well both oJ" the computed flux-loop differences of 
Fig. 7 agree with their respective experimental values. Even with the upper 
curve agreement being facilitated by adjusting the multiplier f m as shown in 
Fig. 8, the comparison of the lower curves in Fig, 7a and of the loop voltage 
in Fig. 7b represents a sensitive test of the current distribution and 
penetration, and of the plasma resistivity and hence of the transport model 
used. 

It is interesting to note how well the computed loop voltage in Fig. 7b 
agrees with the measured value in the time period 0.30 < t < 0.44 in 
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particular. Even with the plasma current increasing from 300 kA to 400 kA in 
this period, the loop voltage differs by only a few percent. The difference 
between the theoretical and experimental loop voltage curves in the initial 
time period 0.25 < t < 0.28 is not significant, being due only to a rather bad 
choice for the initial equilibrium current distribution. As the plasma 
profiles evolve in time according to the transport equations in TSC, the 
dependence of the curves on the initial conditions diminishes, and the 
theoretical and experimental curves begin to match after about 30 msec, which 
is comparable to the energy confinement time. 

Of more physical significance is the disagreement between the theoretical 
and experimental loop voltage curves in the time period 0.44 < t < 0.58. This 
is the time period over which the two Neutral Beam Injectors oriented parallel 
to the magnetic field were activated. Separate analysis of this shot by the 
TRANSP code shows that these high energy injected particles carry on the order 
of 10J of the totil plasma current. Since our plasma resistivity model makes 
no attempt to simulate highly nonthermal current carriers, we expect the 
theoretical and experimental curves to differ in this time span. 

B. Axisymmetric Instability 
To model a disruptive thermal quench, we abruptly increase the transport 

multiplier f at time t = 0.566 sec from 0.6 tc a value in the range 0.8 to 
2.0. Thu plasma beta reduces accordingly and the plasma comes into a new 
equilibrium with the same total current at a decreased value of major radius 
with its magnetic axis in the range R = 1.34 to R = 1.44 meters. With the 
vertical feedback system turned off and the passive plate resistivity reduced 
to aero, we give the plasma a small rigid vertical perturbation and observe 
its behavior. If the passive plates are not sufficient ta provide ideal time 
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scale stability, the Z-position of the plasma magnetic axis will exhibit 
exponential growth, ol leruise it will return to th-- midplane, indicating 
stability. 

We summai ize the results of this -.itudy in Fi.?. 9 where we plot the square 
of the unstable growth rate for the vettical instability c-.s a function of the 
new radial position of ths magnetic axis after the thermal quench. The 
stability boundary for axisymmetric displacements is seen to oe approximately 
R r 1.39 meters, which corresponds to a decrease in 3 from h% to 3%, If the 
plasma displaces to a magnetic axis position less than this, the plasma will 
be lost. 

Also 3hown on Fig. 9 i^ the computed growth rate of the resistive time 
scale axisymmetric mode using the true value of the passive plate 
resistivity. This mode only exists in the region of magnetic axis locations 
that is stable for zero plate resistivity. This curve was obtained in the 
same manner as described above, except that the passive plate resistivity was 
not changed from its original value when the *•' ort multiplier was 
increased. 

We see that the finite resistivity mode has a pole at the ideal stability 
boundary R = 1.39 meters. This is consistent with the simple scaling [3] 

2 

where Y R i~ the inverse L/R decay time of the plates. Y 0 is the ideal MHD 
growth rate if no walls were present, and Y S measures the stabilizing effect 
of the plates if they were perfectly conducting. 

The resistive time scale growth rate increases rapidly as the plasma 
major radius decreases from the pre-disruptive value of R = 1.45 m to the 
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ideal stability boundary at R = 1.39 m. At some value of major radius in the 
range 1.39 < R < 1.45, the active feedback system clearly becomes inadequate 
and the axisymmetric stability will be lost, even though the system is ideal 
MHD stable. 

A typical unstable sequence is shown in Fig. 10 where we see in (a) a 
high beta plasma equilibrium which in (b) displaces to a smaller major radius 
due to a disruptive thermal quench and in (c) displaces exponentially off the 
midplane due to the axisymnetric instability. 

In Fig. 11 we plot a comparison of the time histories of the poloidal 
field during the last 6 ms as measured by seven Mirnov coils and as computed 
for PBX ^hot #95732. This shot is virtually identical to the previously 
discussed shot, #95737, but has Mirnov coil data available for this time 
period. The coil locations are indicated in the figure and described further 
in Ref. [8]. We note here that coils 8, 13, 15 are in the same poloidal 
location but are rotated toroidally 120* from each other, and similarly for 
coils 2, 16. The computed fields in each of these coil sets will always be 
identical since the computation assumes axisymmetry. The fact that the 
measured values are nearly identical for each set shows that the discharge 
termination is nearly axisymmetrie for this shot. We also note that the 
orientation of coils 2, 16 is opposite to that of the others. 

To model the disruptive event, we increased the thermal transport 
coefficients at t = 592 ms to cause the plasma beta to suddenly decrease from 
4jt to 2% in 0.5 ms. The plasma shifts inward in major radius to a magnetic 
axis position of approximately 140 cm. A small initial vertical displacement 
(0.5 cm in the simulation) causes the plasma to displace upward, as shown in 
Fig. 10, and by t = 594 ms it is decaying in the upper left corner of the 
vacuum vessel. 
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From comparing the experimental and theoretical traces in Fig. 11, we can 
conclude that there Is good qualitative agreement between the simulation and 
the data. The experimental traces clearly exhibit a radial contraction phase 
in which the plasma moves inward. This shows itself as an increase in all the 
loops during the first 0.5 msec except for the outboard ones, 2 and 16 which 
decrease. In the next phase, lasting approximately 2 msec, the loops 8, 13, 
15 decrease while loop 7 increases as the plasma displaces vertically 
upward. Firally, all the loops decrease as the plasma current quenches. From 
the stability diagram on Fig. 9 and from the slopes and amplitudes of the 
Mirnov measurements on Fig. 11, we see that the plasma never became ideal MHD 
unstable, but was lost due to an axisymmetric instability whose growth rate 
scales with the wall resistivity. An ideal time scale instability would 
appear as instantaneous, or as a vertical line, on this time scale. 

IV. SUMMARY AND CONCLUSIONS 
We have demonstrated that the vertical instability is an important factor 

present in the high beta operation of PBX. Although the plasma is stable 
during normal high beta operation, small departures from this normal operation 
such as the major radius shift associated with the thermal quench phase of the 
plasma disruption will cause loss of axisymmetric stability. It is aiso 
possible, as speculated in Ref. [8], that slight inward radial excursions due 
to large sawtooth oscillations at high beta, high indentation operation will 
be sufficient to cause the plasma to lose axisymmetric stability. 

It is significant in itself that PBX is able to operate in a stable 
manner so close to tha instability boundary. This demonstration should have 
impact on the design of other noncircular tokamaks. We can conclude that 
precision design of tokamaks that rely on conducting walls for ideal time 
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soale stability is now warranted, but that knowledge only of the ideal MKD 
axisymmetric stability boundary is not sufficient to guarantee stability. One 
must evaluate the growth rates of modes that depend on finite wall resistance 
near the ideal MHD stability boundaries. 

The comparison with controlled experimental calibration runs described in 
Sec. II gives credibility to the numerical simulation results presented in 
Sec. III. In addition, we conclude that the simulation program TSC should 
prove of value in the interpretation of data from other existing experiments 
as well as in the planning and the modification of new experiments. 
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APPENDIX 
Transport Model 

In the simulations presented in this paper, we use a two-regime anomalous 
transport model with neoclassical resistivity. The model is a generalization 
of Tang's [9] profile-consistent microinstability model to general 
axisymmetric geometry. 

He take the electron thermal conductivity to be of the form [10] 

"'J(&) 2*(x? m) 2] 1 / 2F<0 , U-l) *e = V l W + U A U X J 

where the form factor F(*) is 

Ho) -- r^ry fff1: 8,2 2 e x p f _ f l _ ) . ( A . 2 ) 
n e { * } P ( V <dv/d*)|w| 'o 

Here 9 is thd toroidal magnetic flux, equal to 4 at the plasma edge, P(») is 
the heating power (Ohraic plus auxiliary) inside the surface 9, n e(9) is the 
electron density profile, given by Eq, (1), R is the major radius of the 
magnetic axis, V(«) is the flux surface volume, and aQ is taken to be 

a q = q e • 0.5 , (A-3> 

where q_ is the safety factor at the surface containing 90? of the toroidal 
flux between the magnetic axis and the plasma-vacuum interface. From Ref. 9, 
we obtain for the two confinement regimes in Eq. (A-1) 

o 4.0 a ( R B T ) 0 ' 3 2 e f f 4 ) 

X° H"V°> R2.2 1.6 
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° in nn\rP(*) |0.6 1 ,. _, 
H m - ^ ^ ) 0 . 8 a o . 2 - <*•*> 

T a 

where a is the average minor radius and B T is the vacuum toroidal field 
strength on axis. All quantities are MKS except the power P(MW), and the 
central electron density n g(0) (10 2 0m^). 

The multiplier f m is constrained to be unity before the neutral beams are 
turned on, then varies In the range 0.6 to 1.8 as shown in Fig. 8. We take 
the ion thermal conductivity equal to the electron value given by Eq. (A-1). 

A general geometry generalization of the neoclassical resistivity of Ref, 
[11] was used, with the calculation of the particle trapping fraction taken 
from Ref. [12], and the resistivity inside the q = 1 surface set equal to the 
value at that surface. 
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FIGURE CAPTIOUS 

FIG. 1. Vertical field system test without plasma. (a) experimental 
currents, (b), (c) theoretical (code) and experimental flux 
differences, (d) flux contours. 

FIG. 2. Shaping field system test without plasna. (a) experimental 
currents, (b), (e) theoretical (code) and experimental flux 
differences (d) flux contours. 

FIG. 3. Radial field system test without plasma, (a) experimental currents, 
(b) theoretical (code) and experimental flux differences (c) flux 
contours. 

FIG. 4. Magnetic flux contours for vertical stability test at (a) time of 
feedback shutoff t = 0.400 sec and (b) t = O.U75 sec. 

FIG. 5. Comparison of simulation (theory) and experimental values for flux 
difference between loops 1 and 2. Also shown is curve for 
calculation repeated with top and bottom plates moved closer by 
*l cm. 

FIG. 6. Currents in EF and IF (or SF) systems, and plasma current in 

experiment and simulation for high beta shot #95737. 

FIG. 7. Comparison of experimental and computational flux differences for 
high beta shot #95737 measuring (a) radial position (upper curves) 
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and indentation (lower curves) and <b) loop voltage average between 

flux loops 3 and 4, 

FIG, 8. Neutral beam power and transport multiplier applied in simulation of 
high beta shot. 

FIG. 9. Scaled growth rate for ideal time scale axisymmetric instability 
(left) and for resistive time scale growth rate (right) as a 
function of magnetic axis position at full current, high beta 
operation. Active feedback system is turned off to generate these 
curves. 

FIG. 10. Plasma flux surfaces at three times showing unstable sequence. High 
beta plasma (a) suffers a thermal quench causing it to move inward 
in major radius to (b) where it is unstable to axisymmetric 
instability and displaces off the midplane (c) causing discharge 
termination. 

FIG. 11. Comparison of measured and computed magnetic fields at Mirnov coils 
for disruption phase of PBX shot #95732. 
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