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For future fusion devices, such as ITER and DEMO, significant power dissipation in the plasma
edge will be required in order not to severely damage the divertor [1]. In light of this it is de-
sirable to model the power flux to the divertor targets before a discharge in order to get an
estimate of the expected thermal load at the target plates. However, analytical models of the
power exhaust of tokamaks only exist for attached conditions in which dissipation is too small
so that the divertor targets of future fusion devices would suffer significant damage. For model-
ing the physically more complex regime of plasma detachment there exist coupled fluid-kinetic
codes, such as SOLPS-ITER. The disadvantage of such codes is that an adequate simulation of
a discharge and therefore the prediction of the expected thermal loads causes significant com-
putational overhead and is very time consuming. Furthermore, due to the complex nature of the
plasma interactions that have to be taken into account in detachment, some processes are only
approximated in these codes. In this work we present first steps towards data-driven modeling
of thermal loads at the divertor targets using machine learning approaches to extract a model
from experimental data and utilize that model for prediction. Extracting a model from experi-
mental data has the advantage that predictions can be obtained significantly faster than with a
full simulation once the model is set up. Moreover, this approach might also enable us to im-
plicitly model the complex physics of detachment further.

In this first approach we analyzed experimental data from ~3600 discharges performed in
ASDEX Upgrade, each carried out in a lower single null configuration. For each discharge
we focused on stable operational phases which we defined via the plasma current. For every
discharge we analyzed time intervals of 0.2s and if the plasma current did not vary by more
than 10% of the mean value over this time window we considered this to be a stable phase. All
signals we considered were then averaged over this time interval to obtain one data point per
0.2s interval. After obtaining the data points we shuffled them in order not to select data points
from only a few different discharges. The input parameters to our model are the plasma current

(Ip), the toroidal magnetic field (B,), total applied heating power (P;), line integrated electron
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density in the core (n core), triangularity (8,pper and Ojoyer), €longation (k) and the total gas
puffs of each of the species hydrogen, deuterium, helium, neon and nitrogen (I'y p e ve.N))-
The output parameter is Ty;,, which is, in a certain range, a real time estimate of the electron
temperature in front of the outer divertor target [2]. After obtaining the time averaged values
of all relevant signals (<I,>, <B,>, ... <Tg4;,>) we removed all data points that yielded a neg-
ative time averaged density (either in the core or in the edge), a total applied heating power
below 0MW or above 20MW, a positive value for the magnetic field strength or a fraction of
total radiated power over total heating power greater than 2. We introduced these constraints on
the data in order to remove erroneous measurements and because the data base did not contain
enough data points with a positive magnetic field. Moreover, we limited the range of <T;;,> to
[-5eV, 30eV]. After applying these cuts ~78500 data points remained for our analysis. For each
of the following models we normalized the input quantities by subtracting the mean value of
the data used for fitting/training the model and dividing by the standard deviation of the training
set.

As a baseline model we tested a least squares multiple linear regression. For this model we
used 70% of the data (~55000 data points) for fitting and held out the remaining 30% (~23500
data points) for the evaluation of the model’s performance after the fit. Figure 1a shows the
performance achieved on the test set with this very simple approach. Depicted is the probability
density of the predicted value of <Ty;,> obtained from the model versus the measured value

extracted from the data. The blue line indicates a 1:1 correlation which would be desirable. To
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(a) Probability density of predicted <Ty;,> from multi- (b) Resolution of the multiple linear re-
ple linear regression vs. measured values acquired from gression model; smaller values indicate a
experimental data; blue line indicates 1:1 correlation more certain prediction

characterize the model’s performance in one value we determined the median of the distribution

. . . <Ty; . >—<Ty; >
of relative differences between model and measurement given by | "’“”Ti“;;" ddg"mo"d | The
,measure

8th

uncertainties on this value arise from the central 68'" percentile of the distribution. With a me-

dian relative difference of 0.348%:32% the model’s predictions are off by ~35% on average. As

a further criterion for model performance we determined the model’s resolution as measure of
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the prediction’s scatter around their expectation analogously to [3]. Figure 1b shows the model’s
resolution as a function of <T;,>, note that a smaller value indicates a more certain prediction
and therefore a better performance. With a resolution of around 7eV to 8eV the model predic-
tions scatter quite strongly around their expectation.

For a more sophisticated approach we also tested Gaussian Process Regression (GPR) [4] to ob-
tain predictions for <Tg;,>. We used a rational quadratic kernel with an additional noise term.
Since the computations for GPR scale as Nn}it we limited the number of data points used for
fitting the model to 7% of the data resulting in ~5500 data points for the fit. We used the rest of

the data set for testing the model. Figures 2a and 2b show the performance of the GPR approach.
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(a) Probability density of predicted <Ty;,> from Gaussian (b) Resolution of the Gaussian Process
Process Regression vs. measured values acquired from Regression model; smaller values indi-
experimental data; blue line indicates 1:1 correlation cate a more certain prediction

With a median relative difference of 0.182+8:‘gg the model shows a better performance than the

simple linear approach. However, within the uncertainties on the median relative differences the
two models are comparable. In terms of resolution the model obtained from the GPR tends to
perform better than the linear model but still on a comparable level.

As a third approach we set up a fully connected Neural Network (see e.g. [5]). In this first step
we configured a Neural Network (NN) with three hidden layers with 100 neurons each and one
output neuron. We trained the network on 70% of the data for 2000 epochs. Of this data we used
30% for validation during the training process. The rest of the data set was used for testing the
model. We used a standard mean squared error loss function with an L1 regularizer term and

the Adagrad [6] optimizer. We applied ELU activation functions [7] after each hidden layer and

a linear activation in the output.
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(a) Probability density of predicted <T ;,> from Neural (b) Resolution of the Neural Network
Network vs. measured values acquired from experimental model; smaller values indicate a more
data; blue line indicates 1:1 correlation certain prediction

Figures 3a and 3b show the performance of the NN. With a value of O.231f8:?g}1 the median
relative difference is slightly worse than that of the GPR model but still comparable to both
other models within the given uncertainties. The resolution shows that the model is still on a
comparable level to both other models.

To summarize, we set up an automated data extraction that gives temporal averages of general
plasma properties from which we tried to predict a proxy variable for the power exhaust. We
then tested different machine learning approaches to model the dependency of power exhaust on
these input quantities by treating every time average as independent data. All the models tested
still show a large scatter around the 1:1 correlation between prediction and the correspond-
ing expected values extracted from the experiment. However, taking into account the complex
physics and the simplicity of our approach achieving a tendency towards a 1:1 correlation is a
first, albeit small, success. Although the GPR and the NN approach tend to fit the desired 1:1
correlation better than the simple linear model, both GPR and NN yield performances compa-
rable to the linear model. Thus, in order to obtain a significant gain in performance, we might
have to reevaluate the general approach of using this very simplified time averaged data set. A
next step could be to include the temporal information by using time series as input to a Neural
Network enabling us to also take transients into account.
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