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Background

- Tokamaks are operated with H,, D, or H,+D,
- Fusion reactors will be operated with D,+T,

Plasma core

T,~1-10 keV

Edge plasma

Divertor

T,~1-100 eV
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The issue of tritium retention

« For Safety reasons, the quantity of tritium is limited by the Authorities to about 700g
inside ITER - Control of the tritium content (isotopic ratio)
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Roth et al 2008 PPCF 60, 103001
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Q: Why the radiation emitted by hydrogen isotopes comes
from the divertor?

A: Release of hydrogen isotope neutrals

« Chemical desorption of H,/D, molecules followed by dissociation processes:
cold population (T.= 0.5-3 eV)
* Neutrals released from the target material following H*/D* ion impact

(reflection) + Charge exchange processes between H-H* and D-D*: warm
population (T,,= 10-100 eV)
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How do the emitted line spectra look like?

Balmer-a line profiles governed by Doppler & Zeeman effects

Zeeman effect (B=1-4T)
The angle of observation with respect to the magnetic field line

Doppler broadening: temperature and fraction of each neutral population

Concentration of each H isotope
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Hao line profiles for an “arbitrary” neutral population

* For an angle of observation 6 with respect to B:
Ig =sin?>0 x I, + cos? 0 x I,
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Parallel Ha/Da line profiles for single populations

(90%D + 10%H)
Ha: 6562.8 A/ Da: 6561.0 A = ALH-D)=1.8 A

“Cold” “Warm”
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Parallel Ho/Da line profile for both populations

(90%D + 10%H)

=== Cold (2 eV, 75%)
------ Warm (20 eV, 25%)
—— Total line profile
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M. Koubiti and M Kerebel 2022 Appl. Sci. 12 9891
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Fitting synthetic Ha/Da spectra
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Fitting experimental Ho/Da spectra

« Analysis of measured spectra requires fitting to obtain important
parameters like the isotopic ratio (relative isotopic concentration)
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Balmer-a line spectra under tritium operation

Do and Ta lines very close (AA~0.65 A)
Spectra more complicated to fit, questions about the accuracy of the
deduced parameters Pulse No.: 92324, time = 6.2 5, LoS 70
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V.S. Neverov et al, Nucl. Fusion (2019) 59 046011
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Application of a basic neural network model

« Use a fully connected NN algorithm combined with few spectroscopic
features (instead of whole spectra) to determine the H/H+D ratios:

- B-field
* Neutral temperatures T, and T,,

* Wavelength separation: A, _,-p)
* Peak-to-peak intensity ratio: [+ /l;-(p)

* Dip-to-peak intensity ratio: I ;,p)/I5~(p)

peak and dip-to-peak intensity ratios.
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Spectra generated by varying several parameters and including a gaussian noise.
Pre-processing code extracting input features for the NN model: It determines the
spectral minima and maxima and then calculate wavelength separation, peak-to-
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The basic NN model (TensorFlow ML platform)

* Inputlayer (6 nodes): B, T, T, Ay, —o-0ys Lot )/ Lo=0)s L pinny/Io=0))
« Output layer (1 node=H/H+D): 1,; = —~

Ny +TlD

« Sixintermediate layers with hundreds of neurons (nodes)

Generation of line

Preprocessing

spectra
Input parameters Feature extraction
ds O Ay, o)
a7 a fmz[DJ
By T~ ()
o IR " ALY
H-D a —

M. Koubiti and M Kerebel 2022 Appl. Sci. 12 9891
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Deep-Learning algorithm

+

Tensor Keras

https://www.tensorflow.org/guide
https://keras.io/apiloptimizers/adam/
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Predictions of the basic NN model

Training Test
251 5 4
20 + 20 4
w

v
g 15 g

o 3 15 1
g ]
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E 101 % 10 A
2 o
£ £

5 -
5 -
0 -
0 -
T T T T T T T T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
True percentage True percentage
MSE: 7.6% MSE: 7.9%

 These errors are not inherent to the NN algorithm but to the inaccuracy in
the extraction of the spectroscopic features by the preprocessing code.
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Use of an advanced 1D-CNN model
Generation of the Balmer o spectra to be trained instead of the few
characteristics

Variation of the parameters:

Bintherange1-4T
Concentration of D in the range 1-100%

Cold population fraction in the range 40-100%
Temperatures: 0.5-3 eV & 10-30eV

Training set: over 360 000 profiles & Test set: over 90 000 profiles.

T
08 —e— Valid D,=0.784, B=2.87 T, T)=2.19 and T,=12.30 eV, PT=0.05
—e— Valid D,=0.893, B=3.85T, T;=0.55 and T;=30.31 eV, PT=0.38
—— Training D,=0.784, B=2.71T, T=2.17 and T;=10.00 eV, PT=0.60
—— Training D,=0.938, B=4.00 T, T;=2.17 and 7,=24.29 eV, PT=0.80
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Use of an advanced 1D-CNN model

Use of whole Balmer o spectra instead of few characteristics

* Use of 3 convolution layers, ReLU and swish activation functions
« Loss function: . = 0.5 x MAE + 0.5 x MSE + 10~* x Max(y — ypred)z

vl
conv2 __Output Layer
Input Layer T
e S 0 B 11
Py 1x1x4096 Lx1x1 R mn ol e m———
AV 11450 | e l:[_- 11
7x7x512 . T
Convolution Pooling Convolution Pooling B
Layer Full

@ convolution+ReLU y Layer Layer Layer C yvt d

@ max pooling onnecle:

@ fully connected+ReLU La}’er

A. Krizhevsky et al, Advances in neural information processing systems, 25 (2012)
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Visualization of the input data: Principal Component Analysis

D, ratio
31 e 01 e 06
e 02 e 07
® 03 o 08
24 e 04 0.9
e 05

PCA_2

PCA projections of test set are clustered by isotopic ratio values > An efficient and
generalized learning expected
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Results of the advanced 1D-CNN model for HD mixtures

H concentration predictions

1D-CNN model

Prediction spread for D (mix=HD), test set

Basic NN model

257 L0179 Predictions

—— Targets

204

15 A

10 A

Predicted percentage

T T T T T T 010 012 014 0‘.6 0‘.8 l.‘O
0 5 10 15 20 25 Predicted D percentage (%)
True percentage

The CNN model gives better results than the basic NN model for HD plasmas

| 2" AI@AMU Workshop | | 12 NOVEMBER 2024 | | M. KOUBITI |



amU LN oS

N N .y niques et Moléculaires
Marseille Université

Predictions of the 1D-CNN model for DT mixtures

+  Predictions
b +, + 4 " 4
H H H H § bt ot e bet Dol Bhor e iabadi it e bt bR T v‘,-:,'i,f.?‘!*:f.
D concentration prediction in DT osoo | SRR ol bt A SR
mixtures »
0.444 4Gt
Prediction spread for D
os O Predictions (swish) 0.389
“| —— Targets
0.333 1
0.4
5 0.278 4
g
0.3 2
0.222 1
0.2
0.167 +
0.1
01111 s
0.0 1
T 0.056
0.0 0.1 0.2 0.3 0.4 0.5
0.000 4

0 2500 5000 7500 10000 12500 15000 17500
Test set data

The CNN model predictions are better for HD plasmas than for DT plasmas
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Trends of the 1D-CNN model

Prediction spread for T (mix=DT, parallel measures)

e Predictions
Targets

1.0 6.4 11.9 17.3 33.7 39.1 445 50.0

228 282
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Prediction spread for T (mix=DT, perpendicular measures)
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1.0 6.4 11.9 173 33.7 39.1 446 50.0

228 28.2
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Prediction spread for T (mix=DT, all angles)

e« Predictions
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1.0 6.4 11.9 173 33.7 39.1 446 50.0

228 28.2
Expected data (%)
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Tungsten EUV emission in WEST

Spectral range: 15-70 A, ionization stages: W27+-W45+

08 Use of CRM modeling
0.6 1 [
0.4 1 \ L
0.2 L Collisional-radiative modeling and radiative
E 00 e emission of tungsten in tokamak plasmas
N in the temperature range (800-5000) eV @
-0.2
Cite as: Phys. Plasmas 30, 093302 (2023); doi
s: yss:unezaoz? 93302 (2023); 101026032?1509\3 i Lr_] @
-0.4 Published Online: 26 September 2023
0.6 M. Y. Boumendijel,' C. Desgranges,’ R. Guirlet, West Team'* and O. Peyrusse” " (-
’ AFFILIATIONS
CEA IRFM, F-13108 St Paul-lez-Durance, France
_0'8 T T T T T T T T ille Université, CNRS, L LP3, UMR7341,13288 Marseille, France
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Firstidea: use 1D-CNN AlexNet to determine T, ,,,, for each spectrum

Z[m]
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0.2 1
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Model predictions
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« Second idea: use other models like Auto-Encoders (AE) to generate W spectra
from T, prqx-

Predictions for shot #521

o —— Target spectra for (T°= 2278.47) eV —— Target spectra for (T°= 3336.00) eV
008 New best model New best model
007
006
005
004
003
002
001
o 200 400 @0 0 1000 1200 0 20 00 o 0 1000 1200
o — Target spectra for (T°= 266497 ev | —— Target spectra for (T*=2771.33) eV
New best model New best model
006
005
004
003
002
001
13 200 400 &0 00 1000 1200 o 200 400 £ 00 1000 1200
—— Target spectra for (T°= 3300.02) eV | 08 —— Target spectra for (T°= 1803.77) eV
007 New best model New best model
006
005
004
003
002
001

Preliminary results not satisfying— use spatial T, profiles as targets for
the model training

| 2" AI@AMU Workshop | | 12 NOVEMBER 2024 | | M. KOUBITI |



Marseille Université

amU @

Summary

- The application of the 1D-CNN model (adapted Alex-Net) to theoretical
profiles of the Balmer-a line emitted by hydrogen isotopes for tokamak
divertor conditions are promising: the model allows to predict the

isotopic ratios in both HD and DT plasmas. However, its gives better
results for HD than DT mixtures.

The model needs to be assessed by applying it to experimental spectra
from different magnetic fusion devices (WEST and JET).

 The application of the 1D-CNN model and other models like AEs to
experimental EUV tungsten spectra from WEST give results which are

not yet satisfying. Therefore, more data and more investigations are
needed.
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