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Introduction
Unmitigated disruptions pose a risk for tokamak operation, especially the larger machines

currently in the planning or building phase. Therefore, they must be avoided or sufficiently mit-

igated. While some aspects have been studied extensively, the divertor heat fluxes have received

less attention. During the thermal quench (TQ), most of the plasma thermal energy is lost via

radiation or conducted to the divertor.

Empirical scalings put the resulting heat flux at least one order of magnitude above the tung-

sten melt limit for devices such as ITER or SPARC. Previous work has established estimations

for the TQ duration, the energy fraction conducted to the divertor, and the area subjected to the

peak heat flux [1]. However, extrapolation to future devices requires a multi-machine scaling,

which is incomplete. In particular, the deposition time in the divertor, which is different from

the core collapse time, needs further investigation.

ASDEX Upgrade (AUG) features an infrared diagnostic system, that measures the divertor

temperature and has been operating, with some changes, for the last three decades. With this

system the relevant TQ parameters can be determined. While most disruptions are mitigated, a

sufficient amount of unmitigated cases is available.

The AUG IR system and data output
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Figure 1: Frame from the AUG IR camera (right) during a TQ

and the corresponding intensity and heat flux profiles

For this work, the infrared cam-

era looking at the lower, outer diver-

tor target of AUG is used [2]. It fea-

tures a field of view looking at the

outer vertical target, where the pri-

mary strike point is usually located.

An example of a frame recorded by

this camera during a TQ can be seen

in figure 1. The measured intensity

is proportional to the surface tem-

perature of the tile. A line, parallel

to the tile edge, is then set through

the intensity maximum in the field of view. Along this line, the heat flux is calculated using the

THEODOR [3, 2, 4] code.
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Figure 1 shows also the intensity measured by the camera and the resulting heat flux during

a TQ and the previous and next frames. In contrast to what is observed for ELMs, the structure

features multiple spatially separated heat flux peaks of comparable height. Further, the back-

ground heat flux is considerably above zero. Finally, the peak heat flux does not occur at the

position, where the primary strike line was previously located (area marked in gray).
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Figure 2: Time evolution of IR heat flux

From this heat flux profile a "wetted area"

(Awet = 2πRq−1
max

∫
dx q(x)) describing the

area affected by the heat flux (q) can be cal-

culated [5]. Note that this definition is typi-

cally used for ELMs, where the background

is much smaller.

In order to get information regarding both

the TQ duration (τ) and the deposited energy

fluence (ε⊥), the time evolution must be con-

sidered. Figure 2 shows the time evolution of

the heat flux at the position of the maximum

during the TQ in blue, with the overall maxi-

mum shown in red. Between data points, a linear interpolation is used. The TQ is clearly visible.

For comparison, Ip, WMHD, core Te and divertor shunt current measurements are also shown.

From this data, τ is defined as the 1/e width of the TQ peak. Note that as the IR time resolution

is rather poor, the uncertainty on this measurement is large. For ε⊥, the integral over the TQ

peak is used. With a similar setup, data is available from carbon-AUG [3] and from JET [6].

Results from the dataset
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Figure 3: Energy impact against WMHD; "Outliers"

and high frad cases shown with reduced opacity

The current version of the AUG IR system

has been operating for ∼ 10000 discharges.

For this work, only cases with an unmiti-

gated TQ of sufficient power (arbitrarily lim-

ited to WMHD ≳ 0.2MJ) are considered. The

resulting dataset consists of ∼ 70 discharges.

Note that a lot of discharges are "lost" to the

database, due to successful mitigation action.

The measured heat impact (η = ε⊥τ−0.5) as

function of stored energy (WMHD) is shown in

figure 3. If all data points are considered, the

scatter is rather large.

There are two noteworthy configurations that will be called "outliers" for the rest of this work:

Cases with WMHD ≫ 0 after the TQ, showing a lower heat impact are marked with a triangle

(as the equilibrium reconstruction does not work reliably post TQ, a consistent ∆WMHD is not
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available) and cases where the peak heat flux occurs in the previously private flux region are

marked with a circle. Additionally, the radiation can be considered. To separate TQ radiation

from current quench radiation, the standard time resolution of the AUG foil bolometers is in-

sufficient. An evaluation with reduced integration time, and thereby better time resolution, is

used instead at the cost of increased uncertainty (∼ 30%) and some cases where the evaluation

fails (marked in black). If both the "outliers" and cases with a radiation fraction above 50 % are

ignored, the ordering provided by the stored energy improves considerably.
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Figure 4: Distributions of relative disrup-

tion energy, strike point broadening and

TQ duration

Similar to the "Eich-scaling" for ELMs [8], a rather

strong correlation is seen between η and the pedestal

top pressure. When investigating this, it was found, that

a large fraction of disruptions considered here have an

intact pedestal prior to the disruption, which is unex-

pected and may indicate a bias of the dataset.

Figure 4a shows the stored energy at the time of

the disruption compared to the maximum during a dis-

charge. While the majority of cases do show a pre-

TQ energy loss, the maximum is at a higher value

than shown in [1], and the peak close to the full

energy is much higher. Figure 4b shows the strike

point broadening, calculated by dividing the TQ wetted area by an inter-ELM value.

Notably, most cases are in the 1.5-3.5 range, which is considerably below the broad-

ening factor of 7 stated in [1]. Figure 4c shows a distribution of the thermal quench

duration based on IR measurements. The large peak on the left is likely an artifact

of the camera time resolution. Notably all of these are considerably above the IPB

0.0 0.1 0.2 0.3 0.4 0.5
[MJm 2]

0

1

2

3

4

5

[m
s]

AUG-C

AUG-W

JET-C

JET-ILW

Figure 5: TQ duration against energy fluence;

a separation of C and W cases and an indicated

lower bound can clearly be seen

scaling law [7], which would expect ∼0.2ms for

AUG. They are also significantly larger than the

core collapse time seen by the ECE (shown in fig-

ure 2) or soft x-ray systems, indicating that these

two parameters are likely not equal as it has been

sometimes assumed.

An interesting result becomes visible when

comparing τ and ε⊥. Figure 5 compares AUG-W

data to AUG-C data, and an arbitrary selection of

JET cases. Both a lower bound and a separation of

C and W cases are clearly visible. Numbers are not

given, as an uncertainty quantification is not yet

available. The behavior would be consistent with

the W cases being sheath limited, and the C cases radiation limited. This could explain the

discrepancy of the TQ duration to the IPB scaling law, which includes mostly carbon machines.
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Comparison to a simple scaling
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Figure 6: Measured η against scaling, in-

cluding a 1:1 line

Figure 6 shows a comparison between a simplistic

energy balance, assuming that all of the lost energy is

conducted to the divertor, and the measured value of

η . It can be seen that the energy impact is overesti-

mated. This is, despite using a power sharing factor of

0.5 between inner and outer target in the model. Typ-

ically, significantly more power reaches the outer tar-

get, which would make the points move right in the fig-

ure. While details are still challenging due to the large

uncertainties, e.g. on the radiated fraction, the threat

seems to be smaller than assumed by such a scaling.

Summary and outlook
A study has been carried out looking at TQ heat fluxes on AUG. The data shows discrepancies

from previously used assumptions [1, 7], notably a longer TQ duration and a smaller strike point

broadening. Thermal quenches seem to be happening at a higher energy fraction than seen on

JET. At the same time the AUG dataset has a high fraction of cases with intact pedestal at

the time of disruption, which is not observed in other machines. This may indicate a bias in

the dataset towards a higher power disruption where the mitigation system may be less reliable.

Looking at the dependency of τ against ε⊥, a clear lower bound is seen. This would be consistent

with sheath limited heat flux for a W wall, which could explain the longer than expected TQ

duration. Comparison to an energy balance shows a more benign behavior in experiments than

assumed from the scaling. Finding the remaining loss channels is of interest for future work.
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