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ABSTRACT

The DIII–D tokamak generates plasma discharges with cur-
rents up to 3 MA and auxiliary input power up to 20 MW
from neutral beams and 4 MW from radio frequency systems.
In a disruption, a rapid loss of the plasma current and internal
thermal energy occurs and the energy is deposited onto the
torus graphite wall. Quantifying the spatial and temporal
characteristics of the heat deposition is important for engi-
neering and physics-related issues, particularly for designing
future machines such as ITER. Using infrared scanners with
a time resolution of 120 µs, measurements of the heat deposi-
tion onto the all-graphite walls of DIII–D during two types of
disruptions have been made. Each scanner contains a single
point detector sensitive to 8–12 µm radiation, allowing sur-
face temperatures from 20°C to 2000°C to be measured. A
zinc selenide window that transmits in the infrared is used as
the vacuum window. Views of the upper and lower divertor
regions and the centerpost provide good coverage of the first
wall for single and double null divertor discharges. During
disruptions, the thermal energy is not deposited evenly onto
the inner surface of the tokamak, but is deposited primarily in
the divertor region when operating diverted discharges.
Analysis of the heat deposition during a radiative collapse
disruption of a 1.5 MA discharge revealed power densities of
300–350 MW/m2 in the divertor region. During the thermal
quench of the disruption, the energy deposited onto the diver-
tor region was more than 70% of the stored thermal energy in
the discharge prior to the disruption. The spatial distribution
and temporal behavior of power deposition during high β dis-
ruptions will also be presented.

INTRODUCTION

The DIII–D tokamak, operated by General Atomics, is used
for studies in magnetic confinement of high temperature
deuterium plasma discharges. The versatility of DIII–D al-
lows plasma discharges with various shapes, including ITER-
like discharges, to be performed. Auxiliary heating from neu-
tral beams and rf systems provides up to 24 MW of input
power and this translates into more than 3 MJ of stored
energy in the plasma. A disruption of the plasma, the sudden
decrease in the thermal energy or current of the discharge,
results in deposition of the energy onto the surrounding walls
of the tokamak. During a disruption, the energy deposited
onto plasma facing components can cause damage and it is
important to characterize this heat flux to properly design and

evaluate the erosion and lifetime of these components. This
paper will concentrate on infrared scanner analysis of the
spatial and temporal characteristics of heat deposition onto
the divertor floor in DIII–D during disruptions.

EXPERIMENTAL SETUP

Inframetrics 525 IR scanners, coupled with Panasonic video
tape recorders, are central to the data gathering system. The
525 scanners contain a single point HgCdTe detector sensi-
tive in the range of 8–12 µm and a 2-D image view is ob-
tained by using two orthogonal scanning mirrors to direct the
image to the detector. The TV image thus produced is a stan-
dard interlaced image having two 16.7 ms fields per frame.
For the purpose of capturing events having a time scale of a
few milliseconds, one mirror is held stationary while the
other mirror scans a single spatial slice of the image with an
8 kHz frequency. The resultant TV image is again composed
of two 16.7 ms fields per frame, but each field contains time
dependent data for the particular spatial slice of the image. Of
each 16.7 ms field, usable data is contained in a 12 ms por-
tion of the image. The remaining nearly 5 ms is used for the
TV vertical retrace and placement of a scanner-generated
grayscale and shot related data such as number and time.

Fig. 1 shows the general setup used to obtain heat flux data of
the lower divertor region in DIII–D. The details of the optical
setup and a brief description of the temperature inversion
method used to calculate heat flux have been discussed
elsewhere and will not be presented here [1].

Two toroidally separate views of the floor, or divertor region,
of DIII–D were used to obtain heat deposition profiles during
disruptions. The toroidal locations were 60° and 165° and the
systems were set up to view narrow radial slices of the floor.
Due to the independent internal clocks driving each scanner,
temporal overlapping of specific shot data could not be
guaranteed.

FORCED DISRUPTION EXPERIMENTS

Characterization experiments were performed in which
disruptions were forced to occur by either radiative collapse
due to argon impurity injection or by reaching the β limit due
to injection of high power neutral beams [2].
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Fig 1. Cross sectional view of DIII–D showing general location of
IR scanner and divertor target region.

IMPURITY INJECTION DISRUPTIONS

Fig. 2 shows the plasma current, central SXR, the total radi-
ated power as measured from a 48 channel bolometer, the
stored energy, the radial position of the plasma geometric
center, and the power density, Pdiv, incident onto a 1 cm
wide radial slice of the divertor for a discharge (shot 81167)
which disrupted after argon was introduced to the plasma.
The thermal quench occurs rapidly, as evidenced in the sud-
den drop of the central soft x-ray amplitude beginning at
2.035 s. Central re-heating of the plasma begins at 2.039 s
and the final thermal quench is complete by 2.045 s. The
stored energy of the plasma also decreases from a maximum
of about 1.1 MJ to 0.16 MJ by the end of the first phase of
the thermal quench. The stored energy continues to decrease
until the final thermal quench is complete. The total radiated
power begins to increase sharply at the onset of the thermal
quench, reaches a maximum of about 120 MW just after the
thermal quench and decreases during the current quench. The
time average used for the radiated power signal is averaged
over 8 ms. The heat flux onto the divertor, Pdiv (MW/m2),
rises sharply during the first phase of the thermal quench.
The heat flux threshold of the overall system at this toroidal
location for the scanner settings used is about 10 MW/m2 and
no heat flux above this threshold is observed prior to the
thermal quench. Data from 2.041 s to 2.046 s was not
obtained.

Fig. 3 shows the heat flux to the divertor as a function of time
and radial position during the first phase of the thermal
quench. Continuous heat flux near the outer strike point (R =
1.51 m) is observed and reaches a peak at 2.038 s. Divertor
heat flux profiles for three time slices during the thermal
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Fig. 2.  Plasma current, SXR, radial position, radiated power, stored
energy, and heat flux to the divertor for a discharge that disrupted
due to argon injection. The radiated power data is averaged over an
8 ms period. Vertical lines indicate when IR scanner data was
obtained. No IR data was obtained from t=2.041 s to 2.0463 s.
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Fig. 3. Heat flux to the divertor in DIII–D for a discharge that
disrupted due to argon injection. The inner strike point location is
R ≈ 1.09 m, and the outer strike point location is R ≈ 1.51 m.

quench are shown in Fig. 4 with the corresponding radial
positions of the inner and outer strike points as calculated
using magnetic diagnostics data and the MHD equilibrium
code EFIT. The heat flux at the start of the thermal quench
has risen above the sensitivity of the scanner and the peak
heat flux observed increases from 30 MW/m2 to 350 MW/m2

at R≈1.43 m. The main heat flux during the initial thermal
quench is in a region about 7–9 cm radially inboard of the
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Fig. 4. Divertor heat flux during an argon impurity disruption for t =
2.036 s (solid), 2.037 s (dotted), and 2.0379 s (dashed). The inner
strike point (ISP) is at R= 1.09 ± 0.01 m, and the outer strike point
(OSP) is at 1.51 ± 0.01 m.

outer strike point. The width of the main spike varies little
during the evolution of the disruption, having an average full
width at half maximum (FWHM) of 2.8 cm. By 2.0379 s, the
heat flux inboard of the inner strike point and outboard of the
outer strike point rises rapidly to 100–150 MW/m2 and each
has a FWHM two to three times as broad as that of the main
heat spike. Each of the strike points remain relatively station-
ary throughout the thermal quench. No IR data was obtained
during the thermal quench following the plasma re-heating.

Heat deposition during the current quench was observed at
R = 1.05 m, near the inner strike point (R = 1.09 m). The
maximum power density was about 150 MW/m2. The heat
deposition observed near the outer strike point during the
current quench was not peaked, but spread across the region
for R > 1.4 m.

HIGH BETA DISRUPTIONS

Experiments were also carried out in which injected neutral
beam power was increased until the β limit was reached and
the discharge disrupted. Fig. 5 shows the discharge evolution
for a 1.5 MA single null divertor discharge (shot 84359),
with injected neutral beam power of 18 MW and an edge
safety factor of q95 = 2.4. The central SXR signal and stored
energy decrease starting around 2.195 s with the growth of a
locked mode and a more rapid loss of thermal energy begins
at ≈2.202 s. The radiated power increases to approximately
70 MW during the thermal quench. The peak value of
normalized β (βN = β/Iab) achieved in this discharge was 3.0
and was 2.8 prior to the thermal quench. The stored energy at

the start of the thermal quench was 0.9 MJ. The thermal
quench is complete by 2.212 s.

Fig. 6 shows the power to the divertor during this interval is
concentrated radially inward of the inner strike region and
radial movement of the flux peak position was observed. The
hatched area denotes excursions in the strike point location
along the radius. Early in the disruption (2.204 s) the heat
flux peak is at R = 1.225 m (solid line). Within 2 ms, the
peak has broadened and moved inward about 5 cm (dotted
line). The maximum heat flux of about 160 MW/m2 occurs at
R = 1.20 m (dashed line). At the end of the thermal quench
(2.210 s), the peak heat flux near the inner strike region has
been reduced to about 50 MW/m2. Very little power is
observed near the outer strike point.

Heat flux measurements during the current quench show a
widely dispersed spatial pattern, extending from R = 1.05 m
to R= 1.45 m with a peak of less than 60 MW/m2.

DISCUSSION
Heat flux to the divertor regions during disruptions of single
null discharges has been observed to occur near to, but not
necessarily coincident with, the strike points. In the injected
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Fig. 5. Plasma current, SXR, stored energy, normalized β, radiated
power, radial magnetic perturbation, and heat flux to the divertor for
a discharge that disrupted after reaching the β limit. Vertical lines
indicate when IR scanner data was obtained. No IR data was
obtained from t=2.2115 s to 2.2165 s.
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Fig. 6. Radial movement of the primary divertor heat flux during a β
limit disruption. The hatched area represents the divertor region
over which the inner strike point moved during the disruption.

impurity disruption case, most of the power was deposited
near the outer strike point with the maximum heat flux of
about 350 MW/m2 in the private flux region 7–9 cm inside
the outer strike point. In the high β case, the major heat flux
was radially inward of the inner strike region. The continuous
heat flux observed during the radiative collapse disruption is
in contrast to the pulsed heat deposition of the disruption at
high β. While these attributes may not be specific to the type
of disruption, they indicate heat flux to the divertor region
during disruptions is not a simple phenomenon.

Table I is a comparison of energy input and energy loss for
the impurity induced disruption and high β disruption cases.
The input energy represents the change in the plasma stored
energy and includes the ohmic and neutral beam power input
during the thermal quench. From the measured energy
deposited along a radial chord of the divertor and assuming
toroidal symmetry, the energy deposited onto the divertor can
be calculated. About 70% of the input energy in the first
phase of the thermal quench for the impurity injection disrup-
tion (shot 81167) can be accounted for in the divertor heat
flux. Over 90% of the energy input during the thermal
quench of the high β disruption can be found in the divertor
heat flux.

A significant portion of the overall input energy is lost
through radiation, but determining how to partition the

radiated energy between the thermal quench and current
quench is difficult because the 8 ms integration time of the
bolometer is comparable to the duration of the disruption.
However, it can be seen from Figs. 2 and 5 that the radiated
power is very high during the disruptions. Preliminary
analysis indicates that during the current quench, the
dominant energy loss mechanism is radiation.

Table I
Energy input and loss mechanisms during impurity injection disruption

 and high β disruption

Shot 81167 84359

Disruption mechanism Ar inject. High β
Disruption phase 1s t  phase ,

thermal
quench

Thermal
quench

Input Energy Mechanism
  ∆Stored Energy 944 kJ 842 kJ
  Ohmic input <10 <50
  NBI input 46 165

Total stored energy 1000 kJ 1057 kJ

Energy Loss Mechanism
 Measured divertor heat flux:
  Energy during thermal quench 700 kJ 988 kJ
  Energy during current quench 370 kJ 750 kJ

Total measured energy deposited onto
divertor during disruption

1370 kJ 1738 kJ

Total radiated energy during disruption 2670 kJ 1200 kJ

FUTURE WORK

System enhancements include synchronization of IR scanners
at different locations on DIII–D. Due to the independent
scanning nature of different IR systems, a two-fold problem
exists in capturing data. First, because of the scanning nature
of TV imaging electronics, data from fast events can be com-
pletely missed or only partially recorded during operations.
The vertical video scan performed for each 16.7 ms field,
coupled with needed alphanumeric and grayscale data gener-
ated within the electronics and displayed on the image,
results in a 5 ms interval in which no useful data is obtained.
This problem can be reduced by resizing or removing the
displayed information during actual data gathering. Second,
although there are two scanners at different toroidal loca-
tions, it is difficult to obtain data on toroidal asymmetries
because the scanning mirrors in each system are not
synchronous with each other. We are investigating synchro-
nizing electronics to alleviate this problem.
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