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P.L. Taylor, A.G. Kellman, B.W. Rice,? R. Bastasz,* N.H. Brooks, T.E. Evans, 
K.L. Holtrop, D.A. Humphreys, A..W. Hyatt, R.L. Lee, D. Whyte# 

General Atomics, P.O. Box 85608, San Diego, California, 92186-9784 USA 

Tokamak discharges are frequently ended by disruptions [l-51, an instability leading to a 
very sudden termination of the plasma. Although numerous studies of disruptions have been 
made, critical data is still needed to develop.theoretical models for fundamental aspects of the 
disruption. This paper describes simultaneous profile measurements of the current, 
temperature, and density during the disruptive phase of a beam heated single-null divertor 
discharge in the DIII-D tokamak. The stored energy is lost early in the frrst phase of the 
disruption (thermal quench) after which the central temperature is a few hundred eV, and 
following the start of the current decay (current quench) the temperature has fallen to 100 eV. 
The current profde measured using the Motional Stark Effect (MSE) diagnostic is observed to 
flatten rapidly (e1 ms) at the frnal stage of the 10 ms thermal quench and just prior to the start 
of the current quench in radiative collapse disruptions. The density profile peaks at the edge 
during the disruption. 

In Dm-D, radiative collapse disruption experiments were carried out by forcing a disrup- 
tion with the injection of an i m p ~ t y  gas (argon). The disruptions were timed to occur with 
diagnostics optimized at the time of the disruption. The deuterium discharges were lower 
single-null divertors with plasma current Ip = 1.5 MA, toroidal field B = 2.1 T, major radius 
R = 1.7 m, minor radius a = 0.61 m, and an elongation of 1.8. Neutral deuterium beam heat- 
ing was used with a power of 12 M W  and the plasma was in H-mode at the time of the gas 
injection. 

An argon gas puff of 40 ms duration, with a total of -2 T-J! of gas, caused a disruption 
approximately 60 ms after the start of the gas injection. As the gas is injected and the radi- 
ated power increases, a rotating n=l mode becomes stationary (locked). The locked mode is 
evidenced here by the poloidal magnetic field perturbations which start to grow -2 ms before 
the thermal quench starts. The thermal quench begins (Fig. 1,2.035 s) with the start of the 
stored thermal energy loss as seen in both the calculated stored energy decline and the crash 
of the central soft x-ray. Most of the stored energy is lost in the first 5 ms of the thermal 
quench. In these discharges, some reheating of the central plasma occurs which peaks the 
current profde (note increase of internal inductance t i  at 2.039-2.044 s). This is followed by 
the final and more rapid thermal quench at 2.044 s and the start of the current quench at 
2.045 s. The locked mode is large during the energy loss from 2.035-2.039 .s, then decreases 
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allowing the reheating to occur 
and has a rapid growth during 
the final thermal quench leading 
into the start of the current 
quench. 

At the thermal quench the 
temperature inside the last 
closed flux surface drops and a 
cold edge region, which may 
have been developing due to the 
high radiation, is evident 
(Fig. 2, 2.0364 s). The central 
temperature 2 ms later has drop- 
ped from the original 4 keV to 
600 eV and at 2.039 s the center 
starts to reheat with the central 
temperature reaching almost 
1 keV at 2.0424 s. In the 
middle of the final thermal 
quench, 2.0444 s, the tempera- 
ture has collapsed to approxi- 
mately 300 eV and at 2.0464 s, 
after the start of the current 
quench, the temperature is less 
than 100eV. 

During the thermal quench 
the density profile develops a 
peak at the edge. The central 
density falls by almost 50% 
while the edge density remains 
high until after the start of the 
current quench. Note that the 
peak in density remains at the 
plasma edge and although the 
data is plotted versus the nor- 
malized radius, the plasma edge 
(separatrix boundary at r/a = 1) 
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Fig. 1. Discharge 81 167 time evolution showing plasma 
current, the poloidal magnetic field fluctuation deviation 
from the average at  3 toroidal angles (322O=soIid, 3% 
dotted, 157O=dashed), central and edge soft x-ray, 
plasma stored energy, internal inductance ti, and the q on 
the magnetic axis. The cross symbols are results of the 
equilibrium fit averaged over 0.2 ms and use 'magnetic 
probe arrays a t  2 toroidal locations except for the 
triangle and square results which use only one  of the 
magnetic probe arrays. The start of the thermal and 
current quenches are  marked with the dashed lines and 
the Thomson scattering profile times of Fig. 2 are  marked 
by the dotted lines. 

has moved from z = 0.92 m at 2.010 s to z = 0.82 m at 2.0444 s due to the plasma moving ra- 
dially inward and to z = 0.66 m at 2.0464 s due to the plasma moving vertically downward. 
The current density profile is determined from the measurements and equilibrium recon- 
struction using the code EFITD [8] which fits a solution of the Grad-Shafranov equation to 
several measured quantities including the poloidal field and flux on the vacuum vessel wall, 



external coil currents, and the 
pitch angle of the internal 
magnetic field measured at 16 
radial points' near the vertical 
midplane using the Motional 
Stark Effect (MSE) diagnostic 
[6-71. Examples of the MSE 
measured vertical field in the 
plasma, the resulting equilibrium 
fit from the MHD calculation, 
and current profile are shown in 
Fig. 3. The current profile 
flattens suddenly after the final 
thermal quench as seen in the 
rapid decrease of the internal 
inductance prior to the current 
quench (Fig. 1). The increase in 
total plasma current after the cur- 
rent quench starts is driven by 
this rapid decrease in the internal 
inductance and calculations indi- 
cate that conservation of mag- 
netic energy accounts for the 
measured current increase better 
than conservation of flux. 

The EFITD reconstructions 
which give the inductance, stored 
energy, and q (Fig. 1) assume the 
plasma is axisymmetric and the 
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Fig. 2. Electron temperature and density profiles for 
discharge 81 167 versus the normalized radius. The 
horizontal lines on the density plots are the line average 
density measured by a radial interferometer chord at the 
midplane. The plasma. edge (separatrix boundary) is 
shown by the vertical dotted line. 

analysis uses data from magnetic probe arrays at two toroidal locations separated by 105" and 
MSE data from an intermediate toroidal location. The lack of data in Fig. 1 around 2.038 s 
and 2.045 s is due to poor MHD equilibrium fits at these times and may be indicative that the 
plasma axisymmetry is poor or that the plasma is stochastic. The lack of axisymmetry is seen 
in both the n=l locked mode amplitude which is large at these times and in the differences in 
the poloidal magnetic field measurements from two arrays at different toroidal locations, up 
to 9% at 2.038 s and up to 14% at 2.045 s. The variations near 2.038 s in the temperature 
profile and in the MSE measured vertical field profile tends to indicate the plasma is stochas- 
tic. A unique discharge feature occurs around 2.038 s; the position of the magnetic axis of 
the plasma (from MSE meastirements) has moved out-ward by 10 cm at the same time that 
external coils show the geometric centroid and the current centroid have moved inward 
by 2-5 cm. A smaller, but similar effect is seen at -2.045 s. The EFITD equilibrium 
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reconstructions at 2.045 s 
(Fig. 1) with reasonable 
accuracy for the fits could 
only be obtained by using 
just one of the magnetic 
probe arrays with the MSE 
data and were done to ob- 
tain an intermediate point 
on the t i  curve. Although 
from equilibrium consid- 
erations it would be ex- 
pected that the plasma 
would shift inward follow- 
ing the energy loss, the 
large outward movement 
of the magnetic axis indi- 
cates either a kink instabil 
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Fig. 3. Vertical field Bz measured by the MSE central array 
(dots), outer array (crosses), and a probe on the vessel wall 
(star) along with the equilibrium fit (curve) and the current 
profile J from the equilibrium fit. The vertical position of the 
magnetic axis where the current profile is calculated is noted. 

ity or outwardly shifted island structure at the plasma center. 
These initial DIII-D experiments performed for radiative collapse disruptions provide 

simultaneous measurements on the temperature, density, and current profile to better describe 
the disruption process. An n=l locked mode is a pre-cursor to the disruption, then a two 
phase thermal quench occurs followed by the current quench. During the initial phase of the 
thermal quench, there is a slow (-5 ms) loss of most of the energy with little change in the 
configuration; the central q decreases slightly as it drops below one and the current profde is 
relatively unchanged. In the second phase of the thermal quench there is a slow reheating of 
the center followed by a rapid loss of the remaining energy (rl ms) with a rapid flattening of 
the current profile (-1 ms). After the stored energy is lost early in the thermal quench the 
central temperature is a few hundred eV, and after the start of the current quench the 
temperature has fallen to the 100 eV level. The lack of runaway electrons seen in DIII-D 
disruptions may be due to the peak in the density profile which is maintained at the edge until 
after the start of the current quench. This data addresses the requirements needed to develop 
and test theoretical models of the disruption process. 
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