Wondelstein Max-Planck-Institut

N fir Plasmaphysik

Status, Prospects and Validation of the
Minerva Bayesian Modeling Framework at
Wendelstein 7-X

7 =
=
A

{C)) EUROfusion

]
\=¥

This work has been carried out within the framework of the EUROfusion Consortium and has received funding from the Euratom research and training programme 2014-2018 and 2019-2020 under grant
agreement No 633053. The views and opinions expressed herein do not necessarily reflect those of the European Commission.

01.12.2021 A. Langenberg | 4t IAEA TM on Fusion Data Processing, Validation and Analysis 1



Outline
Introduction

Synthetic Diagnostic Models @ W7-X

= Imaging Spectrometers (XICS / HR-XIS)

Thomson Scattering / Interferometer

X-ray Tomography (XMCTS)

Electron Cyclotron Emission (ECE)

Charge Exchange Recombination Spectroscopy (CXRS)

Validation of Physics- and Diagnostic-Models

= Plasma Parameter Profile Inference from Synthetic Data (T;, T, , n,, n,...)
= Profile Inference from Measured Data
= Cross Comparisons to other Diagnostics / Complementary Data Analysis Tools

Summary and Outlook
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The MINERVA Modeling Framework:

= Forward modeling of several diagnostics (synthetic
diagnostics) within graphical models

J. Svensson, A. Werner et al. International Symposium on Intelligent Signal Processing-WISP (2007)
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The MINERVA Modeling Framework: Schematic Graphical
Forward Model
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Introduction

The MINERVA Modeling Framework:

= Forward modeling of several diagnostics (synthetic
diagnostics) within graphical models

= Bayesian analysis for:
= plasma parameter inference (MAP)
= error calculations (MCMC sampling)

= joint data analysis

MAP Inference

J. Svensson, A. Werner et al. International Symposium on Intelligent Signal Processing-WISP (2007)
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Synthetic Diagnostics @ W7-X: Imaging Spectrometers
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Synthetic Diagnostics @ W7-X: Imaging Spectrometers X

CS Graphical Model
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Synthetic Data Validation: Imaging Spectrometers fa W
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Synthetic Data Validation: Imaging Spectrometers
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Measured Data Validation: Imaging Spectrometers | T.-Profile A~ W
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Measured Data Validation: Imaging Spectrometers | T; -Profile A~ W
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Measured Data Validation: Imaging Spectrometers | n,-Profile A~ W
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Wendelstein

Synthetic Diagnostics @ W7-X: Thomson Scattering X
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Synthetic Diagnostics @ W7-X: Thomson Scattering fa W
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Synthetic Diagnostics @ W7-X: Thomson Scattering fa W
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Synthetic Diagnostics @ W7-X:
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Synthetic Diagnostics @ W7-X: Thomson Scattering
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Synthetic Diagnostics @ W7-X: Thomson Scattering fa W
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Synthetic Diagnostics @ W7-X: X-ray Tomography

C. Brandt et al. Plasma Phys. Control. Fusion 62 (2020).
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Synthetic Diagnostics @ W7-X: X-ray Tomography X
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Synthetic Diagnostics @ W7-X: X-ray Tomography X
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Synthetic Diagnostics @ W7-X: X-ray Tomography
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Synthetic Diagnostics @ W7-X: X-ray Tomography
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Synthetic Diagnostics @ W7-X: X-ray Tomography Y
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Synthetic Diagnostics @ W7-X: X-ray Tomography Y
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Synthetic Diagnostics @ W7-X: X-ray Tomography Y
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Synthetic Diagnostics @ W7-X: X-ray Tomography Y
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Synthetic Diagnostics @ W7-X: X-ray Tomography Y
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Synthetic Diagnostics @ W7-X: X-ray Tomography
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XMCTS: 20 cameras

with movable shutters
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on XMCTS tomograms
Several shutters 2E,3C,3D

partially closed

|dentification of shutter
states and camera
calibrations (60 params!)
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Synthetic Diagnostics @ W7-X: Electron Cyclotron Emission
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Wendelstein

Synthetic Diagnostics @ W7-X: Electron Cyclotron Emission \#
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Synthetic Diagnostics @ W7-X: Electron Cyclotron Emission \#

Wendelstein
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Wendelstein

Synthetic Diagnostics @ W7-X: Electron Cyclotron Emission \#
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Synthetic Diagnostics @ W7-X: ECE | T, and n, -Profiles fa W
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Synthetic Diagnostics @ W7-X: ECE | Calibration fa W
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= Minerva Model for precise temperature calibration including temperature
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Synthetic Diagnostics @ W7-X: Charge Exchange Spectr.
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Synthetic Diagnostics @ W7-X: Charge Exchange Spectr. fa W

Free parameters for optimisation in Minerva model

Beam model: g Divergence
» Beamlet divergence > Beam shape

» Beam component power fractions > Halo emission, BES peaks\

» Total beam power Absolute intensity

¥

Optical system:
» Head orientation (yaw, pitch, roll)

¥

Moves BES peaks (Doppler shift changes) and changes intensities

» Polariser contrast > Relative weight of sigma to pi ratio of emitted light

Courtesy of Sebastian Bannmann.
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Synthetic Diagnostics @ W7-X: Charge Exchange Spectr.
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Synthetic Diagnostics @ W7-X: Charge Exchange Spectr.
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Synthetic Diagnostics @ W7-X: Charge Exchange Spectr.
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First try MAP
inversion
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Synthetic Diagnostics @ W7-X: Charge Exchange Spectr. fa W
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Summary and Outlook

Diagnostic

Imaging Spectrometers

Thomson Scattering,
Interferometer, He-beam
X-ray Tomography

Electron Cyclotron Emission

Charge Exchange

01.12.2021

Inferred Plasma- and Diagnostics-
Parameters

= T, T,, n,profiles

17 "e’

= Defocusing error

= Combined T,/ n, profile analysis
= Scaling of Thomson n, profiles

= 2D X-ray Emissivity of impurities
= Scaling / Vignetting of camera views

= T, n,profiles
= Hot-cold calibration

= Predictions / Observations matching

Cross Validation
Minerva / alternative Analysis

Synthetic data validation
T, (XICS) vs. T, (Thomson)
T;(XICS) vs. T;(HR-XIS)
n4«XICS) vs. n,(CXRS)

T.and n, (Thomson) vs. He-Beam
Synthetic data validation

T, (ECE) vs. T, (Thomson + XICS)
n, (ECE) vs. n, (Thomson)

To be done.
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Wendelstein

Summary and Outlook X

Computation time of large and complex models
e.g. XICS Profile inference: 20 min MAP inference, 3.5 h for MCMC sampling
= 10x faster after simple parallelization

= 1x106 faster using artificial neural networks (ANN)
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Backup Slides
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Synthetic Diagnostics @ W7-X: X-ray Tomography
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J. Schilling et al. Plasma Phys. Control. Fusion 63 (2021)
C. Brandt et al. Plasma Phys. Control. Fusion 62 (2020)
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shutter configuration and scaling factors

cut of emission profiles at t1, tz (z=0m)
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Wendelstein

Backup Slides [

ToDo's
« Tivalidation for XICS vs. CXRS in backups
« XICS+HR-XIS Model: switch from XICS to HR-XIS using new los nodes
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