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Schedule 

Monday, 27 May 2019 

Meeting Room C2. Building C, Floor 7 
 

1:30-2:00 Registration and Welcome 

2:00-3:15 Opening Address 

Verdoolaege G. 

A Brief Overview of Probability Theory in Data Science 
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Tuesday, 28 May 2019 

Meeting Room C2. Building C, Floor 7 
 

Session I: Uncertainty Propagation of Experimental Data in Modelling Codes 

Chair: R. Fischer  

8:30-8:55 O-1: Fischer R. 

Integrated Data Analysis: Estimation and Uncertainties of Equilibria and Profiles 

for Modelling Code 

 

8:55-9:25 I-1: Michoski C. 

Uncertainty Reduction in Experimental Profiles to Classify Instabilities in 

Discharges 

 

9:25-9:50 O-2: Wischmeier M. 

Finding a Solution to the Power Exhaust Problem: The Role of Uncertainty in 

Validating Numerical Transport Codes 

 

9:50-10:20 I-2: Dekeyser W. 

Sensitivity Analysis and Error Propagation for Plasma Edge Codes: Status and 

Challenges 

 

10:20-10:55 Coffee Break 
 

10:55-11:20 O-3: Kolemen E. 

Uncertainty Propagation of Experimental Data Using Unscented Transform and 

Applications for Fusion Plasmas 

 

Session II: Data Analysis Lessons Learnt, Best Practices and Proposals for ITER 

Chair: D. Mazon 

11:20-11:50 I-3: Pinches S. 

ITER’s Strategy for Diagnostic Data Analysis 

 

11:50-12:15 O-4: Meneghini O. 

Interfacing Physics Codes with ITER IMAS via OMAS 

 

12:15-13:30 Lunch Break 
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13:30-13:55 O-5: Vega J. 

Automatic Recognition of Plasma Anomaly Behaviours in Massive Databases: 

Potential Application to ITER 

 

13:55-14:20 O-6: Churchill M. 

A Framework for International Collaboration on ITER Using Large-Scale Data 

Transfer to Enable Near Real-Time Analysis 

 

14:20-14:45 O-7: Romanelli M. 

Status of Code Integration, Verification and Validation in EUROfusion 

 

14:45-15:15 Coffee Break 
 

15:15-16:15 Discussion 

 

 

Session III: Regression Analysis: Profiles, Scaling and Surrogate Models 

Chair: G. Verdoolaege Meeting Room C2 

16:15-16:45 I-4: Kolemen E. 

Application of Machine Learning to Profile Evolution Prediction and Tokamak 

Control 

 

16:45-17:15 I-5: Ho A. 

Application of Gaussian Process Regression Techniques to Experimental Plasma 

Profile Fitting and Model Validation 

 

17:15-17:40 O-8: Van de Plassche K. 

Accelerated Integrated Modelling with a Neural Network Surrogate Model for 

Turbulent Transport 
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Wednesday, 29 May 2019 

Meeting Room C2. Building C, Floor 7 

Session III: Regression Analysis: Profiles, Scaling and Surrogate Models (Cont.) 

Chair: G. Verdoolaege Meeting Room C2 

8:30-8:40 S-1: Mathews A. 

Predicting Pedestal Evolution in Fusion Plasmas Utilizing Machine Learning 

Methods 

 

8:40-9:05 O-9: Murari A. 

Data Driven Theory Methodologies Applied to the Extraction of Scaling Laws 

from Large Databases 

 

9:05-9:30 O-10: Verdoolaege G. 

Regression Analysis in the Updated ITPA Global H-Mode Confinement Database 

Using Robust Bayesian and Minimum Distance Estimation Methods 

 

9:30-9:40 S-2: Piccione A. 

Non-Linear Random Forest Regression to Reproduce Changes in NSTX Plasma 

Potential Energy 

 

9:40-10:10 Coffee Break 
 

Session IV: Learning in Non-Stationary Conditions for Experimental Design and 

Predictions 

Chair: A. Murari 

10:10-10:40 I-6: Murari A. 

A New Approach to Experimental Design Based on Learning in Non-Stationary 

Conditions 

 

10:40-11:05 O-11: Gelfusa M. 

Adaptive Learning Based on Ensembles of Classifiers for Disruption Prediction 

on the Route to ITER 

 

11:05-11:35 I-7: Vega J. 

Advances in Adaptive Learning Methods for Disruption Prediction in JET 

 

11:35-12:00 O-12: Rattá G.A. 

Unsupervised Clustering of Disruption Alarms in JET 
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12:00-13:00 Lunch Break 
 

13:00-13:30 O-13: Verdoolaege G. 

A First Look at Predictive Maintenance in Fusion Devices Using Anomaly 

Detection Techniques 

 

Session V: Inverse Problems 

Chair: M. Xu 

13:30-14:00 I-8: Lao L. 

Recent Advances in Equilibrium Reconstruction for Fusion Data Analysis and 

Plasma Control and Prospect for ITER Applications 

 

14:00-14:30 I-9: Wang T. 

Fast Soft X-Ray Tomography of Using Gaussian Processes and Neural Networks 

 

14:30-14:55 O-14: Appel L. 

Calibration of Magnetic Detectors on MAST-U 

 

14:55-15:25 Coffee Break 
 

15:25-15:50 O-15: Xiao B.J. 

Fast Plasma Equilibrium Reconstruction in Fine Grids for Real Time Control and 

Data Analysis 

 

15:50-16:15 O-16: Peterson B. 

Two- and Three-Dimensional Tomography of Radiated Power Using Imaging 

Bolometers in Toroidal Devices 

 

16:15-16:40 O-17: Carpanese F. 

First Demonstration of Real-Time Kinetic Equilibrium Reconstruction on TCV 

Using LIUQE-RAPTOR Coupling 

 

16:40-17:05 O-18: Joung S. 

Data-Driven Grad-Shafranov Solver with KSTAR EFIT Data Based on Neural 

Network and Bayesian Interference 

 

17:05-17:15 S-3: Darestani Farahani N. 

Presentation of a State Space Model for Vertical Movement of the Plasma Column 

in the Damavand Tokamak with the Assumption of Single-Filament Plasma 

without Mass 
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17:15-17:25 S-4: Lafouti M. 

Empirical Mode Decomposition Analysis of Plasma Parameters at the Edge of IR-

T1 Tokamak 

 

17:25-17:35 S-5: Mohamad Idris F. 

Applications of Position Sensitive Detector (PSD) 
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Thursday, 30 May 2019 

Meeting Room C0213. Building C, Floor 2 

 

Session VI: Image Processing 

Chair: M. Jakubowski  

8:30-8:55 O-19: Jakubowski M. 

Image Processing in Magnetic Fusion Devices 

 

8:55-9:25 I-10: Ohdachi S. 

Application of the Sparse Modelling to the Fusion Plasma Diagnostics 

 

9:25-9:55 I-11: Pisano F. 

Tools for Image Analysis and First Wall Protection at W7-X 

 

9:55-10:20 O-20: Farley T. 

Analysis of Scrape-Off Layer Filament Properties Using Visual Camera Data 

 

10:20-10:50 Coffee Break 
 

10:50-11:15 O-21: Böckenhoff D. 

Neural Networks for Feature Extraction from Wendelstein 7-X Infra-Red Images 

 

Session VII: Causality Detection in Time Series 

Chair: J. Vega 

11:15-11:45 I-12: Craciunescu T. 

Causality Detection: An Overview of the Methodologies for Time Series Analysis 

 

11:45-12:10 O-22: Peluso E. 

The Concept of Causality Horizon and Its Application to Synchronization 

Experiments in Tokamaks 

 

12:10-12:20 S-6: Kwon G. 

Design and Development of Real Time Parallel Stream Processing System for 

KSTAR L/H Detection 

 

12:20-13:20 Lunch Break 
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13:20-13:50 I-13: Van Milligen B. 

The Analysis of Radial Heat Propagation in Fusion Devices Based on the Transfer 

Entropy 

 

13:50-14:15 O-23: Dinklage A., on behalf of J.F. Guerrero Arnaiz, et al. 

Spatio-Temporal Coupling of Timeseries from Wendelstein 7-X by Cross-

Correlation, Mutual Information and Partial Mutual Information: Potentials for 

Causality 

 

14:15-14:25 S-7: Sammuli B. 

Fusion Machine Learning Data Pipelines Using GA TokSearch 

 

14:25-14:35 S-8: Škvára V. 

Alfvén Eigenmode Detection Using Neural Networks 

 

Session VIII: Synthetic Diagnostics, Integration, Verification and Validation 

Chair: A. Dinklage 

14:35-15:05 I-14: De Baar M. 

Synthetic Diagnostics and State-Observation for Real Time Control of Nuclear 

Fusion Plasmas 

 

15:05-15:30 O-24: Fujii K. 

Electron Density Estimation from Multichannel Laser Interferometer 

Measurement in LHD with Systematic Bias Compensation 

 

15:30-15:40 S-9: Bowman C. 

Inference of Divertor Plasma Characteristics Using Bayesian Multi-Diagnostic 

Analysis 

 

15:40-16:10 Coffee Break 
 

16:10-16:35 O-25: Pinches S. 

Synthetic Diagnostics in IMAS 

 

16:35-17:00 O-26: Ford O. 

Forward Modelling for the Design and Analysis of Polarisation Imaging 

Diagnostics 
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17:00-17:25 O-27: Von Toussaint U. 

Challenges and Approaches for Validated Plasma Modelling: A Case Study in 

Plasma-Wall-Interaction 

 

17:25-17:35 S-10: Lee S.G. 

Validation of Toroidal Rotation and Ion Temperature from Tokamak Plasmas 

 

17:35-17:45 S-11: Qayyum A. 

Spectroscopic and Langmuir Probe Diagnostic Analysis of Plasma in GLAST-III 

Spherical Tokamak 

 

17:45-17:55 S-12: Sciortino F. 

Bayesian Inference of Impurity Transport in Alcator C-Mod High Confinement 

Regimes without ELMs 
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Friday, 31 May 2019 

Meeting Room C0213. Building C, Floor 2 

 

Session IX: Deep Learning 

Chair: N. Howard  

8:30-8:55 O-28: Churchill M. 

Deep Convolutional Neural Networks for Long Time Series Classification 

 

8:55-9:25 I-15: Rea C. 

Characterized Disruption Predictions Using Random Forest Feature Contribution 

Analysis 

 

9:25-9:50 O-29: Boyer D. 

Real-Time Control and Estimation in Tokamaks with Machine Learning 

Accelerated Predictive Models 

 

9:50-10:20 Coffee Break 
 

10:20-10:45 O-30: Meneghini O. 

Neural-Network Accelerated Modeling of ITER Plasmas Compatible with IMAS 

 

10:45-11:15 I-16: Tang W. 

Predicting Tokamak Disruptions Using Deep Learning at Scale 

 

11:15-11:40 O-31: Farias G. 

Anomaly Detection in Nuclear Fusion by Applying Deep Learning 

 

11:40-12:05 O-32: Ferreira D. 

Deep Learning for Plasma Tomography and Disruption Prediction 

 

12:05-13:20 Lunch Break 
 

13:20-14:20 Mazon D. 

Discussion for Data Management, ITER, Roadmap & Meeting Closing 
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I-1: Reduction in Experimental Profiles to Classify Instabilities in Discharges 

C.E. Michoski1, G. Merlo1, R. Fisher2, T.A. Oliver1, D.R. Hatch1, F. Jenko2 

1University of Texas at Austin, Austin, TX, USA 

2Max-Planck Institute for Plasma Physics, Garching bei München, Germany 

E-mail of Corresponding Author: michoski@ices.utexas.edu 

Using state-of-the-art integrated data analysis techniques performed at ASDEX, experimental 

profiles can be determined with heteroscedastic uncertainties associated to them. These 

uncertain distributions can then be used as input to generate statistically consistent profile 

realizations over various radial locations and ky modes.  These distributions are then 

propagated through local linear GENE simulations to generate Bayesian reduced models, 

which are then used to classify and map instability features that uniquely identify a particular 

shot/measurement pairing. Finally, we discuss how to utilize the ratio of heat fluxes computed 

from quasilinear modes to reduce uncertainty in the experimental fit. 

 

 

mailto:michoski@ices.utexas.edu
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I-2: Sensitivity Analysis and Error Propagation for Plasma Edge Codes: Status and 

Challenges 

W. Dekeyser, M. Blommaert, S. Carli, M. Baelmans 

KU Leuven, Department of Mechanical Engineering, Leuven, Belgium 

E-mail of Corresponding Author: wouter.dekeyser@kuleuven.be 

Plasma edge code suites such as SOLPS-ITER [1] are key tools for the interpretation of power 

exhaust scenarios for existing experimental devices, as well as for the design of next step 

machines (ITER, DEMO). These codes typically consist of a multi-fluid model for the 

plasma, solved using a Finite Volume method, and a kinetic model for the neutral 

components, solved using Monte Carlo (MC) techniques. The simulations usually have to be 

complemented with magnetic equilibrium reconstruction tools to provide the underlying 

magnetic field. The combination of these complex modelling chains, the many uncertain input 

parameters, and the long simulation times make error assessment and model validation with 

these codes a notoriously challenging task. Presently, rigorous uncertainty quantification 

(UQ) and model validation studies with these codes seem precluded by the computational 

complexity.  

In this contribution, we discuss recent progress in the development of advanced adjoint 

techniques for sensitivity analysis that open up the way towards full UQ for plasma edge 

codes. Using adjoint techniques, the sensitivity of a code output to all input parameters can be 

computed at the cost of only one additional forward simulation. To adopt these adjoint 

techniques to the plasma edge application, several challenges related to the nature of the codes 

are addressed. First of all, the MC code adds statistical noise to the simulation, posing severe 

difficulties for the reliable computation of sensitivities. This problem is resolved by using a 

combination of averaging procedures and a discrete adjoint method, where individual particle 

trajectories are differentiated [2]. Secondly, a so-called in-parts adjoint technique is used to 

propagate sensitivities throughout the entire simulation chain, including the magnetic field 

calculation [3]. Finally, Algorithmic Differentiation is used to provide numerically accurate 

sensitivities of complex plasma edge codes, as well as a maintainable framework for a tool 

subject to worldwide development [4].  

It is illustrated how a combination of these techniques brings full error propagation and UQ 

for plasma edge code suites within reach. Remaining problems and challenges are discussed.  

References: 

[1] S. Wiesen et al. (2015), J. Nucl. Mater. 463, 480-484. 

[2] W. Dekeyser et al. (2018), Contrib. Plasma Phys. 58, 643-651. 

[3] M. Blommaert et al. (2017), Nuclear Materials and Energy 12, 1049-1054. 

[4] S. Carli et al. (2018), Nuclear Materials and Energy 18, 6-11. 

 

mailto:wouter.dekeyser@kuleuven.be


17 

 

I-3: ITER’s Strategy for Diagnostic Data Analysis 

S. D. Pinches, M. Walsh 

ITER Organization,  Route de Vinon-sur-Verdon, CS 90 046, 13067 St Paul-lez-Durance 

Cedex, France 

E-mail of Corresponding Author: Simon.Pinches@iter.org  

ITER’s strategy for diagnostic data analysis is based upon the adoption of best practices and 

recommendations from today’s machines. The aim is to extract the maximum possible 

information from the available diagnostic set at each phase of the ITER device’s configuration 

as it evolves according to the Staged Approach described in the ITER Research Plan [1]. As is 

common on today’s machines, a hierarchy of approaches will be taken for the processing of 

diagnostic signals, their interpretation and inference ranging from simple scaling using 

calibration parameters, through more sophisticated physics analysis including the generation 

of kinetically constrained equilibria and interpretive transport analyses, to a rigorous inference 

approach in which as few, but explicitly stated, prior assumptions as possible are made in 

order to have the most objective interpretation of the measurements as possible. 

Whilst the detailed implementation of the process for combining diagnostic contributions and 

validating the measurements is still in its early stages, the need for a strictly managed, yet 

flexible, process is recognised, and the infrastructure to support such activities is already 

maturing. This infrastructure is the Integrated Modelling & Analysis Suite (IMAS) that is 

implemented using expertise and technologies developed within the ITER Members’ research 

programmes. The unifying element of IMAS is its use of a standardized data model capable of 

describing both experimental and simulation data from any device. The inclusion of machine 

description data also allows the development and application of analysis software that not 

only works for any configuration of the ITER machine occurring within its lifetime, but also 

for other machines which adopts the same self-describing data model.  This allows software to 

be extensively validated within the ITER Members’ programmes before it is deployed on 

ITER. 

It is recognised that a relatively significant investment of effort is needed to develop the 

necessary diagnostic data analysis workflows within IMAS.  Here the ITER Organization 

looks for a strong collaboration with the data analysis community to advise on the best 

approaches to adopt, to provide example analysis workflows, ideally in IMAS, and in the 

longer term, to apply, validate and improve the workflows developed for eventual deployment 

on ITER. 

 

[1] ITER Research Plan within the Staged Approach: https://www.iter.org/technical-reports 

mailto:Simon.Pinches@iter.org
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I-4: Application of Machine Learning to Profile Evolution Prediction and Tokamak 

Control 

E. Kolemen1, J. Abbate1, J. Butt2, R. Conlin1, Y. Fu1 

1Princeton University, Princeton, NJ, USA 

2Central Connecticut State University, New Britain, CT, USA 

E-mail of Corresponding Author: ekolemen@princeton.edu 

Development of machine learning algorithms to predict the plasma evolution and how they 

can be used in control of the plasma to achieve combined high performance and high stability 

and its application to fusion reactors is presented. Due to the nature of tokamak plasmas, 

operation in higher fusion gain increases the probably of instabilities which may then lead to 

disruptions and damage the reactor. To avoid this problem, machine learning algorithms have 

been successfully applied in fusion reactors to predict an imminent disruption. This allows for 

mitigation of the effects of the disruption. However, this approach cannot be used often or be 

a basis for commercial reactor operations. Thus, it is more important to be able to learn to 

operate at as high a performance as possible. This can be only achieved be if we can predict 

the evolution of the plasma and take action avoid the plasma to move into regions of 

instability. Unfortunately, currently available plasma physics simulations give only good 

qualitative predictions are not good enough to optimize or control the plasmas. An alternative 

approach where experimental data is used to come up with plasma evolution models using 

machine learning can be potential solution. The physical nature of plasma profiles is both 

spatially and temporally complex; therefore, any reasonably efficient machine learning model 

tasked with predicting the temporal evolution of tokamak plasmas requires mechanisms 

capable of resolving highly abstract temporal patterns. We implemented various neural 

network models to look at plasma evolution, with the Long Short-Term Memory (LSTM) 

recurrent neural network (RNN) model giving the best results thus far. LSTM is a form of 

memory that allows a neural network to remember information that recently passed through 

the system. As training input, ion and electron temperature and density radial profiles (Te, Ti, 

ne, ni); plasma rotation radial profiles; neutral beam injection (NBI) power and torque; gas 

puffing flow-rates; and total electron-cyclotron heating (ECH) power for hundreds of DIII-D 

discharges were extracted from a DIII-D database. Training was done in the National Energy 

Research Scientific Computing Center (NERSC) on Cori and Edison supercomputers. Using 

this computation power, ML was then trained to predict 50-ms,100-ms, or 150-ms of profile 

temporal evolution (this is roughly the confinement time scale for DIII-D, which is the right 

time scale for plasma manipulation). The promising results of the algorithm applied to 

untrained data set show correctly predicts the development of an ion density profile gap at the 

core of the plasma called “hollowing”. In order to use these machine learning algorithms in 

control, we convert the codes to real-time C/C++ to implement in Plasma Control System. 

The applications of profile prediction in real-time control is in development but simpler 

machine learning control system have been implemented in the control system. We present 

the plasma control that was implemented on DIII-D that regulates neutral beams to keep the 

plasma in a stable regime; if this fails and predicted disruptivity becomes too high, the system 

ramps down the plasma. Application of machine learning to understand and control the fusion 

plasmas is a relatively new field and there is a lot of promise, we comment on the possible 

future direction in this area. 

 

mailto:ekolemen@princeton.edu


19 

 

I-5: Application of Gaussian Process Regression Techniques to Experimental Plasma 

Profile Fitting and Model Validation 

A. Ho1, J. Citrin1, F. Auriemma2, C. Bourdelle3, F. J. Casson4, Hyun-Tae Kim4, P. Manas5, 

K.L. van de Plassche1, H. Weisen6, JET contributors* 

1DIFFER - Dutch Institute for Fundamental Energy Research, Eindhoven, the Netherlands 

2Consorzio RFX, Associazione EURATOM-ENEA sulla Fusione, Padova, Italy 

3CEA, IRFM, Saint-Paul-lez-Durance, France 

4EURATOM-CCFE Fusion Association, Culham Science Centre, Abingdon, UK 

5Max-Planck-Institut für Plasmaphysik, Garching, Germany 

6Swiss Plasma Centre, EPFL, Lausanne, Switzerland 

In order to move towards predictive plasma modelling, the models used must undergo a 

process called verification and validation (V&V) to determine its range of applicability. 

However, with large complex non-linear systems such as a tokamak plasma device, the 

validation of any models representing such a system against experimental data becomes 

increasingly difficult [1] but no less important. Gaussian process regression (GPR) techniques 

combine linear regression with concepts from Bayesian inference to significantly reduce 

constraints associated with basis function selection. These properties make GPR well-suited 

for fitting experimentally measured tokamak plasma profiles [2], as it is not strictly limited by 

prescribed structure while retaining the profile smoothness and continuity required by most 

plasma models. An added advantage is that the GPR technique not only estimates the plasma 

profiles and its associated uncertainties, but can also estimate their derivatives and associated 

uncertainties with increased statistical rigour. This information can then be used to generate 

model inputs and facilitate sensitivity studies through the rigourous propagation of 

experimental errors [3]. Due to the generality of the algorithm, it also allows for large-scale 

data processing for validation of the neural network surrogate transport models [4] through 

fast integrated modelling frameworks [5]. 

References: 

[1] C. Holland. In: Physics of Plasmas 23.6 (2016), p. 060901. 

[2] M.A. Chilenski, et al. In: Nuclear Fusion 57.12 (2017), p. 126013. 

[3] A. Ho, et al. In: Nuclear Fusion (accepted 2019). 

[4] J. Citrin, et al. In: Nuclear Fusion 55.9 (2015), p. 092001. 

[5] K.L. van de Plassche. In: this conference. 2019. 

                                                           
*  See the author list of “Overview of the JET preparation for Deuterium-Tritium Operation" by E. Joffrin 

et al. to be published in Nuclear Fusion Special issue: overview and summary reports from the 27th Fusion 

Energy Conference (Ahmedabad, India, 22-27 October 2018) 
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I-6: A New Approach to Experimental Design Based on Learning in Non-Stationary 

Conditions 

A. Murari1, M. Gelfusa2, M. Lungaroni2, E. Peluso2, P. Gaudio2, JET contributors* 

1EUROfusion Programme Management Unit, Culham, Abingdon, UK 

2Tor Vergata University, Rome, Italy 

E-mail of Corresponding Author: andrea.murari@euro-fusion.org 

Advanced statistical and machine-learning tools are extremely powerful but are based on the 

so called i.i.d. assumptions (that the data are sampled randomly from an identical distribution 

function). The properties of these techniques are therefore guaranteed only if these 

assumptions are verified. Since they imply that the data in the training set, the test set and the 

final application have to be sampled from the same probability distribution function, their use 

in many scientific domains is delicate. One of the most problematic applications is in the 

design of new experiments or machines, whose main objective consists precisely of exploring 

uncharted regions of the parameter space to acquire new knowledge. In the contribution, a 

completely original method to support the scientist in the design of new experiments is 

proposed, which is based on the falsification of data driven models. The technique relies on 

symbol manipulation with evolutionary programmes. The performance of the developed 

approach has been extensively tested with synthetic data, proving its potential and competitive 

advantages. The capability of the methodology, to handle practical and experimental cases, 

has been shown with the example of determining scaling laws of the energy confinement time 

in Tokamaks, a typical task violating the assumptions of stationarity. The same technique can 

be adopted also to investigate large databases or the outputs of complex simulations, to focus 

the analysis efforts on the most promising entries. 

 

                                                           
*  See the author list of E. Joffrin, et al., 27th IAEA Fusion Energy Conference, 22nd-27th October 2018, 

Ahmedabad, India 

mailto:andrea.murari@euro-fusion.org
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I-7: Advances in Adaptive Learning Methods for Disruption Prediction in JET 

J. Vega1, A. Murari2, S. Dormido-Canto3, D. Gadariya4, G.A. Rattá4, JET contributors* 

1Laboratorio Nacional de Fusión, CIEMAT, Madrid, Spain 

2Consorzio RFX (CNR, ENEA, INFN, Universitá di Padova), Padova. Italy 

3UNED (Dpto. Informática y Automática), Madrid, Spain 

4Laboratorio Nacional de Fusión, CIEMAT, Madrid, Spain 

E-mail of Corresponding Author: jesus.vega@ciemat.es 

The development of disruption predictors based on machine learning methods requires the use 

of a training dataset from past discharges. In order to cover as much as possible the parameter 

space of the predictor, a large number of discharges (the more the better) from several 

operation scenarios is necessary. This approach is no longer valid for ITER or DEMO. 

Disruption predictors have to learn in an adaptive way from scratch, i.e. without information 

of past discharges. The paper shows an adaptive approach of a disruption predictor for 

mitigation purposes based on the nearest centroid method. Only the mode lock signal 

normalised to the plasma current (ML/Ip) is used. The predictor parameter space is a two-

dimensional space, whose dimensions are the amplitudes of the ML/Ip signal of two 

consecutive samples. The adaptive predictor has been developed and tested with the JET 

database. A set of 1510 discharges (113 disruptive and 1397 non-disruptive) has been used. 

The training process start with only one disruptive sample and five non-disruptive ones to 

compute the disruptive and non-disruptive centroids. A new retraining is accomplished when 

an alarm is missed or when a tardy detection is produced. In the analysis of 1510 discharges, 

only 5 re-trainings have been performed (1 missed alarm and 4 tardy detections). The global 

fraction of detected disruptions is 99.11%, which corresponds to a success rate (predictions 

with positive warning time) 95.54% and a tardy detection rate of 3.57%. The false alarm rate 

has been 1.58% and the average warning time 247 ms. Therefore, adaptive predictors for 

ITER or DEMO can be valid candidates to address the problem of reliable disruption 

prediction from scratch. 

                                                           
*  See author list in the paper, X. Litaudon et al., Nucl. Fusion, 57 (2017) 102001 
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Recent important advances in equilibrium reconstruction for fusion data analysis and plasma 

control are presented. Their prospects for ITER equilibrium reconstruction applications are 

discussed. These include testing of equilibrium currentprofile reconstruction using internal 

magnetic measurements based on the strength of the total magnetic field from motional Stark 

splitting of the spectral lines (MSE-LS) in the DIII-D tokamak and its application to 

reconstruct ITER current profiles. An alternative to the standard equilibrium analysis 

technique based on line polarization (MSE-LP) is needed in future devices such as ITER 

where MSE-LP will be difficult. The results indicate that MSE-LS can contribute to current 

profile reconstruction. As with all diagnostic measurements, significant calibration work is 

necessary to minimize the effects due to systematic errors. Secondly, model-assisted full 

kinetic equilibrium reconstruction with theory-based pressure and current profiles such as 

TGLF core turbulence transport, EPED pedestal height and width, and Sauter or kinetic NEO-

based bootstrap current model is discussed. This is particularly useful when full kinetic profile 

measurements are not available to support a full kinetic reconstruction. Thirdly, real-time 

magnetic and full kinetic equilibrium reconstructions using GPU and reduced models are 

presented. EAST and DIII-D results show that GPU-based reconstructions can accurately 

reconstruct equilibrium results at a fraction of the serial-based computational cost and can 

potentially offer real-time full kinetic reconstructions allowing better plasma control and other 

applications. Lastly, reconstruction of 3D perturbed equilibrium in tokamaks due to externally 

applied 3D RMP and error magnetic fields are discussed. Linear two-fluid resistive modeling 

of the plasma response to externally applied fields with the M3D-C1 3D extended MHD code 

is used to analyze displacements of the tokamak edge. Comparison with DIII-D Thomson 

scattering measurements and soft x-ray imaging finds good quantitative agreement and 

suggests that the linear approximation can provide good predictive value for profile 

displacement.   

Work supported by US DOE under DE-AC02-09CH11466, DE-FC02-04ER54698, and DE-

FG02-95ER54309.  
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Gaussian process tomography (GPT) has been successfully implemented for reconstructing 

the Soft X ray emissivity profiles in the WEST geometry, with a view to real-time control of 

impurity transport and MHD activity. Modelling the emissivity field as a Gaussian process, 

the posterior distribution is also Gaussian, permitting fast reconstruction (of the order of 10 

ms on a PC environment with MATLAB). Comprehensive testing using synthetic data has 

demonstrated good reconstruction quality, which has recently been still improved by 

incorporating the results of the magnetic equilibrium reconstruction provided by EQUINOX 

and EFIT. Inference of tungsten concentration profiles from the reconstructed emissivity 

based on local ionisation equilibrium assumption has been carried out as well, but the 

computational demands are higher. A complementary neural network approach has thus been 

implemented, using both fully connected and convolutional architectures and a training set of 

30000 reconstructions. This decreases the computational load significantly (order 1 ms on a 

PC with Python). Benchmark tests are reported in this paper, involving a comparison between 

GPT techniques, neural network reconstruction (including generalization capability) and 

classical minimum Fisher tomography.  
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In the fusion plasma diagnostics, many diagnostics signals are superposition of the different 

sources. For example, in the diagnostics using tomographic reconstruction, the measured 

signal is superposition of the emission along the sight lines. To reconstruct the local emission 

profile is equivalent to the procedure to separate the contribution from the different sources. 

The concept of the sparsity principle, where the simplest or the smallest number of the models 

to represent the system should be used, is quite useful for this type of problems. Two 

applications of the sparse modelling apply to the fusion plasma diagnostics are discussed in 

this presentation.  Estimate of the internal fluctuation current is, in general, not possible only 

from the magnetic probe signal measured outside of the plasma. When the fluctuation currents 

are localized at the rational surfaces, as in the case of the interchange mode observed in the 

Large Helical Device, the estimate can be performed with the appropriate use of the sparse 

modelling. Two experimental example of the snake-like oscillations and the EIC mode where 

the magnetic fluctuations are quite deformed from sinusoidal waves are discussed. The dual 

tangentially viewing soft X ray imaging system was developed for the detection of the 

asymmetric deformation of the plasma, caused by the RMP application or the MHD 

instabilities. From the difference of the two images measured at different toroidal locations, 

deformation of the plasma can be visualized. This system successfully detected the islands-

chain of the born-locked modes observed in DIII-D Tokamak [1]. A new type of 

reconstruction method using the series expansion was proposed for this kind of measurements 

[2]. It was concluded that if two tangentially viewing camera system located two toroidal 

locations, can be used, we can effectively separate n=0 component and n=1 component using 

L1 type (Lasso) regularization. We can thereby detect the perturbation caused by the 

generation of the n=1 type magnetic island.   
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Long pulse experiments, including Wendelstein 7-X (W7-X) and ITER, require systems to 

prevent overheating of the plasma facing components. In the case of W7-X, a quasi-steady 

state operation with 30 minutes plasmas is planned with power loads of up to 10 MW/m2 from 

2021.W7-X uses the so-called island divertor concept, which may be affected by arising 

toroidal current or changes in plasma beta. The size and position of the magnetic islands 

intersecting the divertor targets can be controlled by means of a set of control coils located 

inside the plasma vessel below each of the 10 divertor units. The action on the magnetic 

islands allows to change the strike-line shape and sweep its position to avoid excessive heat 

loads on unprotected areas or damaged tiles. 

In the paper, an overview of the image processing system, under development at Wendelstein 

7-X, is presented. This system uses spatial calibration techniques to build the projection and 

scene models for the IR cameras, providing a pixel-wise information of the target elements, 

their material, emissivity, and maximum allowed temperature. This information is used for 

temperature calibration of IR cameras and heat flux estimation. Moreover, the analysis of the 

heat-flux distributions on the divertor targets for strike-lines segmentation and 

characterization is presented. These results are used to infer the link between the strike–line 

properties and the control coils configuration in view of strike-line control with machine 

learning techniques. 
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Coupling and synchronization are common phenomena that occur in nature, e.g. in biological, 

physiological and environmental systems, as well as in physics and engineered systems. Lag 

or intermittent lag synchronization, where the difference between the output of one system 

and the time-delayed output of a second system are asymptotically bounded, is typical case 

for characterizing the fusion plasma instability control by pace-making techniques [1-2]. The 

major issue in determining the efficiency of the pacing techniques resides in the periodic or 

quasiperiodic nature of the occurrence of plasma instabilities. After the perturbation induced 

by the control systems, if enough time is allowed to pass, the instabilities are bound to 

reoccur. Therefore, for evaluating the efficiency triggering capability, it is important 

determine the appropriate time interval over which the pacing techniques have a real 

influence. 

Several independent classes of statistical indicators introduced to address this issue are 

presented. The transfer entropy [3] is a powerful tool for measuring the causation between 

dynamical events. The amount of information exchanged between two systems depends not 

only the magnitude but also the direction of the cause-effect relation. Recurrence plots (RP) is 

an advanced technique of nonlinear data analysis, revealing all the times when the phase 

space trajectory of the dynamical system visits roughly the same area in the phase space [4]. 

Convergent cross mapping (CCM) [5], tests for causation by measuring the extent to which 

the historical record of one time series values can reliably estimate states of the other time 

series.  CCM searches for the signature of X in Y’s time series by detecting whether there is a 

correspondence between the points in the attractor manifolds built from the two time series. A 

recently developed method [6] for the characterization of interconnected dynamical systems 

coupling is also presented. The method is based on the representation of time series as 

weighted cross-visibility networks. The weights are introduced as the metric distance between 

connected nodes. The structure of the networks, depending on the coupling strength, is 

quantified via the entropy of the weighted adjacency matrix. 

This work has been carried out within the framework of the EUROfusion Consortium and 221 has 

received funding from the Euratom research and training programme 2014-2018 and 2019-2020 

under grant 222 agreement No 633053. The views and opinions expressed herein do not necessarily 

reflect those of the European 223 Commission. 
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Traditionally, the analysis of radial heat transport in fusion plasmas is mainly based on the 

analysis of the radial propagation of externally induced modulations. However, in recent work 

we have shown that the Transfer Entropy is capable of extracting relevant information from, 

e.g., radially separated measurements of spontaneous propagating electron temperature 

fluctuations (using Electron Cyclotron Emission, ECE), obviating the need for external 

modulation (and perturbation). The Transfer Entropy measures the information flow (causal 

relationship) between such radially separated measurements. Our studies show that this new 

technique is extremely sensitive to the anomalous (non-local) transport component. We 

carefully verify the interpretation of the transfer entropy results by deducing effective 

diffusivities and comparing these to traditional results. We then analyse transport as a 

function of different heating power levels and different magnetic geometry.  

Using this technique, in recent studies [1–3] we have shown that heat transport in the 

stellarators TJ-II and W7-X is not a smooth and continuous (diffusive) process, but involves 

mini-transport barriers and `trapping zones’ associated with low order rational surfaces, as 

well as rapid non-local radial propagation or ‘jumps’. This remarkable finding sheds new light 

on the nature of anomalous transport. It was also observed that the intensity of this `jumping’ 

behaviour increases with increasing heating power. This observation suggests a new 

viewpoint that may be useful to understand a long-standing conundrum of the physics of 

magnetically confined plasmas: power degradation, or the enhancement of the radial transport 

coefficient as heating power is increased, a phenomenon encountered in all magnetic 

confinement devices, yet still not fully understood.  

In this work, we summarize our findings so far, and complement these by adding new, recent 

results obtained at the JET[4] tokamak. The latter show that heat transport in tokamaks is also 

affected by the presence of the mentioned minitransport barriers. The stellarator results are 

modelled qualitatively using a resistive MHD model, reproducing the salient features of the 

experimental observations. A prime characteristic of this model is that it incorporates 

interactions between turbulence and the magnetic geometry, thus providing a route to 

understanding transport effects associated with low-order rational surfaces, such as those 

observed. Finally, the transfer entropy results are reinterpreted based on ideas from 

Continuous Time Random Walks, offering an interesting alternative view of heat transport, 

superseding the usual description in terms of diffusivities.  
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Nuclear fusion plasmas are very challenging from a control perspective. They are operated in 

close proximity to operational limits. Their sensor and actuators are toroidally, poloidally and 

radially distributed over the plasma. The evolution of the fields of temperature, particle 

density, and current density are described by coupled non-linear differential equations. 

Subject to the plasma state, the (by definition limited) set of actuators must be allocated to 

various control tasks. In this seminar, it will be demonstrated how model based plasma 

control can be used to deal with these complexities. Special emphasis is put on the concept of 

observation for plasma-state estimation and the role of synthetic diagnostics herein. 

Applications are shown for (neo-classical) tearing modes, plasma density control, plasma 

performance control, real-time identification of the detachment front and supervisory control. 
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The availability of a huge amount of experimental data has enabled plasma researchers to 

overcome the limits dictated by a partial understanding of disruption physics by adopting 

data-driven techniques that use elaborate algorithms for disruption detection and prediction. 

Nevertheless, the goal of disruption research is not only to provide predictions of impending 

disruptions with hundreds of milliseconds of warning time but also to inform the Plasma 

Control System (PCS) on the offending feature(s), to steer the plasma away from the 

disruptive boundary and its deleterious consequences for the device. A machine learning-

based Disruption Predictor using Random Forest (DPRF) has been recently developed for 

several different tokamaks, and it has the main advantage of guaranteeing explainable 

predictions. Thanks to the feature contribution analysis (e.g., which signals contribute to 

triggering an alarm of an impending disruption), it is possible to interpret and explain DPRF 

predictions. This methodology has the potential to identify and discriminate among different 

types of disruptions, given that the precursors are rightfully diagnosed. So far, the portability 

of DPRF has been tested across different devices (i.e., Alcator C-Mod, DIII-D, and EAST), 

resulting in an accumulated fraction of detected disruptions ranging between 80% and 90%, 

when optimised on a shot-by-shot basis and in offline testing. Furthermore, DPRF has worked 

in real-time in DIII-D PCS during the 2018 campaign and results show that, depending on the 

optimised performance metric, the fractions of detected disruptions reaches 96%, but with an 

associated cost of 20% of false alarms. In this talk, preliminary results from the DPRF 

indicators of disruption precursors based on temperature, density, and radiation profiles on 

DIII-D and Alcator C-Mod will be presented and a comparative analysis with those already 

recorded on JET will be introduced. 

Work supported by US DOE under DE-FC02-04ER54698 and DE-SC0014264. Disclaimer: 
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rights. Reference herein to any specific commercial product, process, or service by trade 
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The accurate prediction and associated avoidance of tokamak disruptions is the most pressing 

of challenges facing the delivery of sustainable fusion energy — especially for large burning 

plasma systems such as the multi-billion dollar international ITER project currently under 

construction.  The key goal for ITER is to deliver fusion reactions capable of producing more 

power from fusion than is injected to heat the plasma. Here we present a new method, based on 

AI/Deep Learning, to forecast disruptions and extend considerably the capabilities of previous 

strategies such as first-principles- based and classical/shallow machine-learning approaches. 

In particular, our method delivers for the first time reliable predictions on machines other than 

the one on which it was trained — a crucial requirement for large future reactors that cannot 

afford training disruptions. Our approach takes advantage of high-dimensional training data to 

boost the predictive performance while also engaging supercomputing resources at the largest 

scale in order to deliver solutions with improved accuracy and speed. Trained on experimental 

data from the leading tokamaks in the US (DIII-D) and the world (JET), our method can also 

be applied to specific tasks such as prediction with long warning times.  This opens up 

possible avenues for moving from passive disruption prediction to active plasma control and 

optimization. The presentation will cover targeted advances together with implications of 

integrating these ideas into advanced scenario planning for current tokamaks with future 

relevance for ITER. 
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In nuclear fusion research the coherent combination of measured data from heterogeneous 

diagnostics with modelling codes providing physical constraints on the parameter space 

allows for an improved treatment of ill-posed inversion problems, e.g., the equilibrium 

reconstruction. Different techniques for measuring the same subset of physical parameters 

provide complementary and redundant data for, e.g., improving the reliability of physical 

parameters, increasing the spatial and temporal resolution of profiles, resolving data 

inconsistencies, and for reducing the ambiguity of parameters to be estimated without 

employing non-physical constraints. Integrated Data Analysis (IDA) at ASDEX Upgrade 

routinely combines multiple kinetic profile diagnostics for a joint estimation of electron and 

ion density and temperature profiles. The close correlation of profile estimation and magnetic 

equilibrium reconstruction requires the integration of profile and equilibrium analyses. As the 

kinetic profiles provide valuable information to restrict the equilibrium pressure profile, 

current diffusion modelling provides constraints on the toroidal current density profile. The 

combination of measured and modelled data allows to overcome the persisting problem of 

missing regular and reliable measurements in the plasma core for the reconstruction of full 

current and q-profiles.  

The results of transport modelling codes, e.g., GENE and SOLPS, critically depend on 

reliable profile and equilibrium estimates. The propagation of uncertainties of input quantities 

to the results of modelling codes is frequently not considered. The situation becomes even 

more cumbersome if profile gradients and their uncertainties are of major concern as in 

transport analyses. The IDA suite at ASDEX Upgrade estimating kinetic electron and ion 

profiles and equilibria will be summarized. The two techniques of Markov chain Monte Carlo 

sampling and Gaussian process regression for the estimation of electron and ion profiles and 

profile gradients and their uncertainties are shown. Equilibrium uncertainties, e.g., on current 

and q-profiles as well as on the separatrix position will be presented.  
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A fusion reactor faces a major challenge when limiting the thermal power load to the plasma 

facing components, PFCs. Sustaining values below 5 MW/m2 at the divertor target plates 

would be advantageous in simplifying the engineering demands on PFCs for a dpa of 50, as 

foreseen in the lifetime of a divertor component. Current research on power and particle 

exhaust physics aims at answering two questions. Firstly, if the required highly dissipative 

operational regimes are achievable, stable and controllable and secondly how to reliably 

extrapolate such a scenario from present devices to a fusion power plant, FPP. In strongly 

dissipative regimes the coupling of the individual physics processes that contribute to the 

required dissipation of power and momentum is strongly non-linear. Complex numerical 

codes such as coupled fluid transport codes and Monte Carlo neutrals codes are used to 

interpret experimental data and to distil the relevant physics. For code validation the results of 

the numerical simulations are compared to experimental data from various experimental 

devices. The boundary conditions for undertaking these simulations are based on 

experimentally derived parameter ranges or limitations of our understanding of the underlying 

physics. Therefore, the uncertainty in experimental data enters the validation process in a two-

fold way.  Based on a simple modified two-point model of the Scrape-Off Layer for a divertor 

tokamak the physical quantities that have a strong impact on the physics interpretation will be 

introduced. Examples of numerical simulation results are shown to demonstrate how 

uncertainties impact the physics interpretation and thus the validation of the underlying 

models. However, due to the complexity of the physics problem and the temporal cost a 

qualifier for the quality of the comparisons needs yet to be well defined. Additionally, 

validated reduced models of various levels of complexity may be used in system codes to 

specify the design of a FPP. 
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Application of unscented transform for error propagation and its use in fusion plasmas is 

presented. It is not possible to know the exact plasma state in a fusion reactor due to 

measurement noise and simplified physics models used for analysis of that data (e.g. 

assumption of toroidal symmetry in Grad-Shafranov equation, which is the backbone of many 

calculations). Thus, methods to find the distribution of every conceivable plasma information 

is important to better understand the plasma physics, predict instabilities and disruptions, and 

control the fusion reactor. There are methods to write physics calculation algorithms in ways 

to allow propagation of error from input to output within the algorithm. However, there are 

huge number of code developers and large resources needed for this task is usually not 

available. Thus, methods to efficiently propagate error through backbox input output codes is 

necessary to obtain the distribution of any physics quantity of interest. Monte-Carlo (MC) 

methods are the main methods that are used in fusion plasmas today for these types of 

problems, but this is very computationally intensive. We implemented Unscented Transform 

(UT) method to propagation of error from measurements to equilibrium reconstruction to 

stability predictions. UT is mathematical function to apply a given nonlinear transformation to 

a probability distribution that is characterized only in terms of a finite set of statistics. UT 

allows a low number of sigma point to define and propagate the distribution, allowing 

thousands of time faster calculation compared to MC methods. As an application, we 

calculated the distribution of linear ideal MHD stability (dW). Analyzing the DIII-D database 

with this approach shows that, in most cases, the stability error bar increases by an order of 

magnitude before a tearing mode onset. Thus, the plasma equilibrium becomes “touchy” 

before tearing, i.e. minor variations in profiles can lead to instability.  
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The ITER Integrated Modeling & Analysis Suite (IMAS) [Imbeaux, NF 2015] defines a data 

schema, a storage infrastructure, and an Application Programmer Interface (API) for 

interacting with ITER data. All ITER simulated and experimental data will be served to the 

ITER parties through IMAS, and all scientific workflows that handle ITER data will therefore 

need to become IMAS compatible. The strategy towards coupling physics codes and 

developing integrated modeling workflows will rely on standardized Interface Data Structures 

(IDSs) to transfer data from one code component to another. 
 

The OMFIT integrated modeling framework has been interfaced with the IMAS data storage 

infrastructure, which was made possible by the new OMAS (Ordered Multidimensional Array 

Structure) Python library. At the heart of OMAS is the idea of providing a convenient API 

which can store data in a format that is compatible with the IMAS data model. Within OMAS, 

data compatible with the IMAS data model is easily translated between different storage 

systems. OMAS itself does not address the problem of mapping physics codes' I/O to the 

IMAS data model, which are instead defined as part of the Python classes within the OMFIT 

framework. 
 

The resulting technical solution has been used to develop a new OMFIT integrated workflow 

module that leverages OMAS for centralized data communication among its physics modules. 

This approach decouples the data flow and the execution workflow, meaning that the 

individual components can be executed in any order, allowing for the flexible design of 

workflows that suit different physics applications. Finally, for the first time, OMAS enabled 

the seamless development of OMFIT modules for physics codes that were converted to solely 

rely on IDSs and operate under another framework (the Kepler framework) [Falchetto, NF 

2014, Romanelli this conference]. An OMFIT workflow showing the integration of 

conventional and IMAS-ready physics code for predictive ITER scenario has been 

demonstrated on the ITER cluster and made available to the ITER-IO. 
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Databases in nuclear fusion are characterised by a large variety of signals and data 

representations: 2D (for example, time series), 3D (for instance, quantities with both spatial 

and temporal resolution) and video-movies (infrared and visible cameras). Nowadays, big 

data techniques have shown maturity enough in multiple domains and can be essential 

candidates for data analysis in high temperature plasmas. The term ‘big data’ has to be 

understood as a set of machine learning methods (classification, regression, clustering and 

dimensionality reduction) to process big amounts of complex data whose size does not allow 

a standard analysis with typical database software tools. The application of big data 

techniques in nuclear fusion comprises four objectives: data retrieval, searching for patterns, 

creation of data-driven models (to explain particular aspects of the plasma nature) and 

anomaly detection. The paper puts the focus on anomaly detection. A quiet plasma evolution 

usually generates stationary signals whose variations can be explained by signal noise. 

However, abrupt changes or the sudden presence of periodicities in the signals generally 

reveal modifications in the plasma evolution. These modifications can correspond to either 

known events (for example, heating power injection, confinement transitions, incoming 

disruptions or gas injection) or off-normal plasma behaviours. The automatic temporal 

location of abnormal plasma behaviours is of big interest to determine the set of signals that 

show variations around the same time interval and to analyse the possible causes. Moreover, 

data-driven models can be generated to predict and explain these particular plasma 

behaviours. The paper discusses several off-line techniques to perform anomaly detection and 

potential extensions to real-time requirements. Due to the fact that ITER is expected to collect 

hundreds of thousands of physics signals per discharge (30 minutes long), the implementation 

of automatic methods to determine off-normal plasma behaviours will be important. 
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The global nature of the ITER project along with its projected ~petabyte per day data 

generation presents a unique challenge, but also an opportunity for the fusion community to 

rethink, optimize, and enhance our scientific discovery process. Recognizing this, 

collaborative research [1,2] with computational scientists was undertaken over the past 

several years to create a framework for large-scale data movement across wide-area networks 

(WANs), to enable global near-real time analysis of fusion data. This would broaden the 

available computational resources for analysis/simulation, and increase the number of 

researchers actively participating in experiments.   

An official demonstration of this framework for fast, large data transfer and real-time analysis 

was carried out between the KSTAR tokamak in Daejeon, Korea and PPPL in Princeton, 

USA. Streaming large data transfer, with near real-time movie creation and analysis of the 

KSTAR Electron Cyclotron Emission imaging (ECEi) data, was performed using the I/O 

framework ADIOS, and comparisons made at PPPL with simulation results from the XGC1 

code. These demonstrations were made possible utilizing an optimized network configuration 

at PPPL, which achieved over 8.8 Gbps (88% utilization) in throughput tests from NFRI to 

PPPL.   

This demonstration showed the feasibility for large-scale data analysis of KSTAR data, and 

provides a framework to enable use of global computational and personnel resources in 

pursuit of scientific knowledge from the ITER experiment.  
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EUROfusion is a consortium of European Laboratories coordinating the fusion programme in 

Europe on behalf of the Commission with the aim of delivering the European Fusion 

Roadmap. EUROfusion is currently utilising five different tokamaks (JET, TCV, AUG, 

MAST-U and WEST) and one stellarator (W7X) to carry out its research plan. Work in 

EUROfusion is highly collaborative and analysis of the data from the above devices by 

distributed scientists requires a high degree of standardization and the development of a 

common data platform. The EUROfusion project Code Development for Integrated Modelling 

(CD) is in charge of delivering a unified data system and standards for code integration along 

with workflows for data analysis, code verification and validation. The activity of CD stems 

from the pioneering work done by the European Task Force Integrated Tokamak Modelling 

(ITM). The choice of CD is to fully embrace the ITER Modelling and Analysis System 

(IMAS) and ITER data structure (IDS) for EUROfusion data standardization and code 

integration. A coordinated activity started in 2019 involving data experts of all the above 

tokamaks to develop routines for the mapping of Tokamak data in IMAS. A EUROfusion 

virtual laboratory is being built on the European Gateway to host the data in IMAS format 

(IMAS database) along with analysis and modelling tools all IMAS compatible. Three 

workflows are ready for validation on experimental data: the equilibrium and MHD 

workflow, the European Transport Simulator and the Edge Turbulence Workflow with 

synthetic diagnostics. A campaign for CD workflow validation has been launched within the 

experimental programs of the various machines. EUROfusion is committed to supporting 

ITER in testing IMAS and carry out collaborative development and the above effort goes in 

that direction.  Here I shall present on behalf of the CD team an overview of the status of 

EUROfusion data mapping in IMAS, the CD workflows and the status of their verification 

and validation against experimental data.  
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QuaLiKiz is a quasilinear turbulent transport model which has been validated against JET, 

ASDEX-U and Tore-Supra profiles [1,2]. Integrated modelling simulations applying 

QuaLiKiz within JINTRAC [3] of 1 s of JET plasma evolution demands ~10 hour walltime, 

parallelised over 10 cores. By using neural networks as a surrogate turbulence model, the 

computational cost can be reduced by orders of magnitude allowing for scenario optimisation 

and real-time applications. In this work, we use a large database of $3.10^8$ flux calculations 

over a 9D input space generated with the QuaLiKiz code to train feed-forward neural 

networks. The input space is an extension of the 4D input space of the networks successfully 

implemented in the RAPTOR rapid profile evolution code [4,5]. We extend the ion 

temperature gradient, ion-electron temperature ratio, safety factor, and magnetic shear with 

the electron temperature gradient, density gradient, local inverse aspect ratio, collisionality, 

and Z-effective. Rotation shear is added as a 10th dimension using a generalised ExB 

turbulence suppression rule in post-processing [6]. The networks are implemented in 

RAPTOR and JINTRAC. Training is done with the powerful TensorFlow framework, 

automated using the Luigi pipeline manager. This approach allows for simple extension to for 

example networks over a larger dimensional input space, trained on the experimentally 

relevant subspace [7]. 

The networks allow for transport simulations at a speed that is unprecedented, and opens new 

avenues in the modelling of fusion experiments. 
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Formulating general theories, based on first principles, for thermonuclear plasmas is quite 

difficult and numerical simulations are computational demanding, because these physical 

objects are highly nonlinear and open systems, involving phenomena on many spatial and 

time scales. The poor accessibility for measurement results often in data with quite high error 

bars. The challenges posed by the complex nature of high temperature plasmas are therefore 

compounded by the difficulties inherent in interpreting the large amounts of uncertain data 

produced by the diagnostics. Due to the large amounts of data available and the significant 

uncertainties in the measurements, important information can remain buried in the databases 

if they are analysed manually or with traditional methods. To overcome these difficulties, in 

the last years a new methodology to extract mathematical models directly from the databases 

has been developed. The technique is based on Symbolic Regression via Genetic 

Programming and imposes no limitation on the complexity of the derived equations, except 

those due to the quality of the data available. To illustrate the potential of the approach, its 

application to extraction of scaling laws from multimachine databases is described in detail. It 

is important to note that the proposed methodology does not assume a priori that the scaling 

laws are in power law monomial form. Indeed in various applications, such as the L to H 

transition and the confinement time, it can be demonstrated that different mathematical 

expressions are much more adequate to interpret the experimental data. Moreover the 

developed techniques can also be implemented to determine the most appropriate 

dimensionless parameters to describe the phenomena in the database, without having to define 

them a priori purely from theoretical considerations. 
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Following addition of new data to the International Tokamak Physics Activity (ITPA) global 

H-mode confinement database in 2018, scaling of the global energy confinement time has 

been investigated by means of regression analysis on a number of subsets of the database [1]. 

Both JET [2] and ASDEX Upgrade [3] have contributed new data from plasmas in the 

presence of fully metallic walls. Here, we concentrate on various analysis techniques that are 

being employed to fit a simple power law to the data, and in particular on robustness of the 

scaling. Hence, in addition to standard weighted least squares, a robust Bayesian method is 

used, allowing errors in all variables and additional uncertainty on the confinement time error. 

Furthermore, a minimum distance estimation technique is applied, called geodesic least 

squares regression. The issue of a realistic error estimate on the fitted parameters is touched 

upon, as well as propagation of the errors to the transformed scaling in terms of dimensionless 

parameters. Direct regression on the dimensionless quantities is also attempted and compared 

with the transformed scaling. 
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For quite a long time, advanced statistical and machine-learning tools have been used to 

predict disruptions in Tokamaks. Notwithstanding their remarkable performance, they are not 

completely satisfactory, particularly on the front of ageing. The deficiencies in this respect are 

due to the fact that they assume stationary conditions. This hypothesis means that the 

examples in the training set, the test set and the final deployment are independently sampled 

from the same probability distribution function. This hypothesis is certainly not verified in 

practice, since the experimental programmes evolve quite rapidly one session after the other. 

Moreover also during discharges there are relevant memory and historical effects. These 

aspects affect the forecasting of disruptions quite severely, resulting typically in suboptimal 

performance. The paper provides an overview of various adaptive training strategies that have 

been developed, to maintain the performance of disruption predictors in non-stationary 

conditions. The proposed approaches have been implemented using new ensembles of 

classifiers, explicitly developed for the present application. They also implement techniques 

from scratch, in the sense that the predictors can start operating with a single example of each 

class: one safe discharge and one disruption. The improvements in performance are very 

relevant. Implementing the various steps of the adaptive strategy, from updating the training 

set to de-learning, has  reduced the errors from more than 5% to a few per thousand (in terms 

of both missed and false alarms). Therefore on JET various adaptive predictors have reached 

unprecedented high success rates, which have been verified in various campaigns covering an 

interval of thousands of discharges. Moreover, since up to now it has not been possible to 

translate successfully static predictors from one device to another, the proposed adaptive 

methods from scratch can therefore be considered very good alternatives for deployment on 

the next step devices, particularly at the very beginning of their operation, when few examples 

will be available for the training set.  
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Dealing with disruptions is a main research subject in nuclear fusion. In case they are detected 

with enough anticipation, mitigation actions (to minimize their possible damage to the plasma 

facing components) or even avoidance strategies (to redirect the ongoing pulse into a safer 

space) can be carried out.  

Several data-driven models, that attain high prediction rates, have been developed in the last 

15 years to tackle this problem. These systems are designed to trigger alarms once they detect 

an early precursor of the phenomenon. However, not all the disruptions evolve in the same 

manner or imply a similar risk. Executing effective control actions demands not only a trigger 

but also some information about the reason of the alarm activation.  

The work developed in the paper is based on analysing the alarms of a previously developed 

JET machine-learning disruption predictor that uses five variables selected with genetic 

algorithms. They are the Locked mode amplitude and the time derivative of the stored 

diamagnetic energy signals. Also, it uses time derivatives of the plasma internal inductance, 

the plasma elongation and the plasma vertical centroid position.  

The values of these five variables, at the time the alarms are activated, are input to a k-means 

non-supervised clustering. With this methodology, 4 main disruptive clusters have been 

identified. Also, a non-disruptive cluster was created using the values of the 5 parameters in 

non-disruptive pulses. Each disruptive cluster is characterized by a specific mean warning 

time: 1.14 s, 590 ms, 251 ms and 204 ms.  

The developed clustering has allowed analysing the evolution of the discharges. As it was 

expected, most of the pulses (disruptive and non-disruptive) start as non-disruptive (the 5 

parameters, at the beginning of the plasma current flat-top, are closest to the non-disruptive 

cluster). As the discharges approach a disruption, the membership of the parameters moves 

towards the disruptive clusters. Then, the clusters represent different operational spaces (safe 

and disruptive) and a path from a non-disruptive to a disruptive state. The space the 

discharges belong to can be a significant factor to develop efficient control actions.  

This methodology can be directly applied in real-time. The clusters membership can be 

followed on-line to estimate how far away the shot is to the disruptive zone. In case an alarm 

is triggered, the closest disruptive cluster (with its specific characteristics) can be 

automatically identified. Then, a pre-defined control action targeting the singular features of 

the detected cluster can be developed. As a final observation of the potential of this technique, 

it should be noticed that these categorized disruptive alarms can be used in future works to 

train cluster-oriented disruption predictors. 
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In future fusion devices, it will be essential to avoid unexpected failures of components or 

subsystems, which could result in damage or interruptions of operation. Ideally, required 

replacements or maintenance activities would be detected early and scheduled in a repair plan. 

This demands a continuous monitoring of the equipment using specialized sensors and 

identifying parameters that might indicate equipment failure. Any off-normal behavior of 

components may then be flagged in advance using anomaly detection techniques. We report 

on investigations of the potential of predictive maintenance using anomaly detection by 

means of a case study at JET. We focus on the JET primary turbo-molecular pumps, which 

failed on several occasions during a one-year period in 2017 and 2018. Apart from pump 

rotation frequency, operating temperatures and pressures, as well as electrical characteristics 

were monitored and the signals have been analyzed to distinguish between nominal and 

anomalous behavior. Several anomaly detection techniques are being applied, based on 

decision trees and neural networks, and preliminary results are presented.  
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The Mega-Ampere Spherical Tokamak Upgrade (MAST-U), a major upgrade of the MAST 

tokamak is scheduled to start operations in late 2019. From experience on other tokamak 

devices the expectation is that errors in magnetic reconstructions are dominated by systematic 

uncertainties in the experimental measurements. These uncertainties are contained both in the 

actual measurements and in their context commonly referred to as meta-data.  This work 

considers the specific problem of the calibration of magnetic detectors. The usual approach is 

to seek an optimum configuration for the meta-data using data from purpose-designed 

experiments.  Here a new approach is adopted using the principles of Bayesian Inference. At 

the heart is a model of the magnetic signals expressed in terms of parameters describing the 

contextual information and the driving currents. The major advantages of Bayesian inference 

are in its correct treatment of uncertainties, the ability to apply appropriate prior distributions 

on model parameters and to compute correlations, and the comparative ease of modifying the 

underlying data model. A generic magnetic calibration facility has been developed using 

Bayesian Inference and built in the Minerva framework. The input configuration is defined 

via EFIT++ xml structures, enabling flexible implementation on multiple tokamaks. The 

approach utilises the techniques of declarative programming enabling related problems to be 

solved using a single Bayesian graphical model. Results are presented using MAST data. The 

magnetic model permits the spatial translation and 3-D rotation of poloidal field coils, 

positional and rotation uncertainties in detectors and of scaling factors in the measurement 

signal data. Correlations between model parameters are computed using Markov chain Monte 

Carlo sampling. These results can subsequently be used to provide enhanced treatment of 

uncertainties in EFIT++.   
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P-EFIT, a parallel equilibrium reconstruction code, is based on the EFIT framework but 

rewritten in C and built with the CUDA™ (Compute Unified Device Architecture) to takes 

advantage of massively parallel Graphical Processing Unit (GPU) cores to significantly 

accelerate the computation. A fast Grad-Shafranov solver is implemented based on eigenvalue 

decomposition to inverse the block tri-diagonal matrix from the finite differentiation of the G-

S equation. With this parallelized Grad-Shafranov solver and middle-scale matrix calculation 

modules, P-EFIT can accurately reproduce the EFIT reconstruction at tenth to hundredth 

fraction of the original EFIT computational time.   

Integrated into EAST plasma control system, P-EFIT has been providing magnetic 

equilibrium solution in 129×129 grids in 300 us for a single iteration for real time plasma 

shape and equilibrium control. When adding internal plasma current and kinetic profile 

measurements for more constrains, P-EFIT can complete full kinetic equilibrium 

reconstruction in one-percent of the original EFIT computation time on 257*257 grids and is 

applied for DIII-D data analysis. Adaption of P-EFIT for ITER equilibrium reconstruction 

aiming at stream equilibrium data in a time scale of 1 milli-seconds, is ongoing. In principle, 

the current version of P-EFIT is easy to adapt to the other tokamaks for fast and accurate 

plasma equilibrium reconstruction for real-time control or data analysis.  
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Tomography is essential to obtaining local information on the source of radiated power from 

line-averaged measurements in fusion devices, but challenging due to restricted port access 

which limits the coverage of the plasma with traditional one-dimensional (1D) resistive 

bolometer arrays.  This problem can be overcome by the application of Infra-Red imaging 

Video Bolometers (IRVB) under symmetry assumptions as is demonstrated in the paper 

through two examples. In the Korea Super-conducting Tokamak for Advanced Research, a 

single IRVB with a tangential view can provide all of the needed lines of sight to reconstruct 

the 2D radiation profile by assuming axisymmetry. The IRVB has 24 (horizontal) x 32 

(vertical) channels and the plasma is divided into 63 major radius (R) x 160 vertical (Z) 

voxels with a dimension of 2 cm.  The tomography method uses a Phillips-Tikhonov (P-T) 

algorithm with a regularization parameter that is optimized using generalized cross-validation 

(GCV) and has a time resolution of 10 ms. In the Large Helical Device, four IRVBs are 

applied with the assumption of helically periodic symmetry to reconstruct the 3D profile. The 

total number of IRVB channels is 3196. The plasma is divided into 54 (R) x 52 (Z) voxels 

(dimension of 5 cm) and 18 one-degree toroidal sections (one-half field period). The total 

number of plasma voxels is reduced to 16,188 by masking out edge voxels outside the plasma 

region.  Two different 3D tomography techniques are used, both having a time resolution of 

20 ms, the first being the previously mentioned optimized P-T algorithm.  A large number of 

artefacts produced by this technique motivated the development of another method utilizing a 

parametric model fitting with 9 parameters to describe the elliptic radiation cross-section. 

Applications to studies of impurity seeding and radiative collapse will be shown in the paper.    
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The Kinetic Equilibrium Reconstruction (KER) is the solution of the inverse free-boundary 

equilibrium problem providing direct constraints on internal plasma profiles. The main 

purpose is to improve the reconstruction of the plasma current density profile while obtaining 

an equilibrium solution consistent with it. The real time capable KER implemented in TCV is 

presented. The inverse free-boundary equilibrium receives information on the current density 

profile from flux surface averaged Ohm’s law with sources, the electron temperature profile 

from 1D transport equation constrained by soft X ray measurements and the electron density 

profile from 1D transport equation constrained by Far Infra-Red (FIR) diagnostic. These 

profiles are used to directly define the basis functions for the two free functions of the Grad-

Shafranov equation in the inverse problem, letting free the expansion coefficients to be found 

in order to minimize the difference with the magnetic measurements in least squares sense. At 

the same time the geometrical information, computed from the KER., is given to the transport 

equations obtaining in this way consistency between equilibrium and transport. A real-time 

proof of principle result performed for the first time during TCV experiments is presented. 

The comparison of KER and standard equilibrium reconstruction using only external 

magnetic measurements is presented for a case of current density time evolution induced by 

ECCD modulation and kinetic profiles evolution due to transport phenomena showing the 

KER to be able to follow the profile evolutions in time. 
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Controlling fusion-relevant plasmas has made outstanding progress such as achieving 30-

second long ELM-suppressed H-mode operations in KSTAR. To obtain such a high quality 

operation and further enhance plasma performance, accurate real-time monitoring systems are 

essential. Magnetic equilibrium reconstruction in real time is an example of the real-time 

monitoring systems, which is done by solving Grad-Shafranov (GS) equation numerically by 

restricting the number of iterations, which results in a different EFIT solution compared to an 

off-line solution. We develop a neural network based data-driven GS solver to keep both 

reconstruction quality, i.e., off-line quality, and real-time availability. As a set of database to 

train the network’s free-parameters, KSTAR off-line EFIT results with their spatial grids are 

collected in addition to magnetic diagnostic data measured by magnetic pick-up coils, flux 

loops and a Rogowski coil. With real-time preprocess sequence of magnetic signals based on 

Bayesian inference, such as imputation and drift adjustment, the network is constructed to 

receive the preprocessed magnetic signals and the spatial information generating magnetic 

equilibria as good as off-line EFIT quality. The network generality is attested by several 

unseen experimental KSTAR EFIT data using three different figures of merits, i.e, mean 

structural similarity, peak signal-to-noise ratio and mean squared error. We note that the 

developed neural network requires much more intense validation to be used as real-time 

application. 
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Imaging became a standard, widely used tool in magnetic fusion devices for machine 

protection, research and plasma control. A broad variety of diagnostics acquires very different 

data, i.e. different light wavelength, observed region, timescale of events, etc. The range of 

applications varies from real-time protection of plasma facing components with infrared 

cameras to automatic offline edge filaments detection. Therefore very different image 

processing and data handling tools need to be developed in order to fully exploit the benefits 

of imaging diagnostics. In recent years, many advances were made in the field of image 

processing in the fusion community. Deep learning, neural networks are being developed for 

image based plasma control and data processing. Image segmentation and automatic event 

detection are used for real time plasma control and machine protection. For long pulse 

experiments like Wendelstein 7-X or ITER imaging is assumed as an important aspect of 

machine exploitation. Especially ITER requires from the very first day of operation a robust 

set of tools and methods to protect the machine. In this contribution, a survey of recent 

advances in the field will be presented.  
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Plasma filaments play a pivotal role in the transport of particles in the scrape-off layer (SOL) 

of tokamak plasmas and thus scrape off layer density profiles. An inversion technique has 

been developed for the identification, tracking and measurement of filaments in fast visible 

camera data using the field-aligned nature of filaments. The technique facilitates full 2D 

radial and toroidal measurements of the filaments’ positions, widths and amplitudes. The 

wide-angle view enables measurements over a large region of the SOL. This uniquely 

facilitates measurements of the parallel structure of filaments and their toroidal distribution. 

The technique is applied to L-mode MAST data and has been rigorously tested using 

synthetic data. For physically representative synthetic datasets, the technique can detect over a 

third of the total filament population with true positive detection rate of 98.8%. Filament 

positions are recovered with standard errors of ±2 mm radially and toroidally and thus 

accurately reproduce the filaments’ velocities. Filaments’ radial and toroidal widths are 

recovered with standard errors of ±3 mm and ±7 mm respectively. Measured amplitude 

distributions show good qualitative agreement to the input distributions. A deep convolutional 

neural network (CNN) has been applied to the identification of filaments in inverted camera 

data. The CNN has been trained and tested on inverted synthetic camera data, with early 

results indicating that the detection rate and proportion of true positives can be raised as high 

as 73% and 93.3% respectively. Filament amplitudes and lifetimes are found to be 

exponentially distributed, with the distributions of filament widths described well by 

lognormal distributions. Toroidal velocities are consistent with the filaments being dragged by 

a toroidal flow, while radial velocities are largely constant. The assumptions of an analytic 

framework are tested with these measurements. The toroidal separation of filaments is 

exponentially distributed suggesting filaments are uniformly distributed and independent.  
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Wendelstein 7-X (W7-X) is a stellarator type nuclear fusion experiment, aiming to confine 

fusion relevant plasmas in steady state. The plasma-wall contact is realized with plasma 

facing components (PFCs), which have to withstand heat loads of up to 10 MW/m². Various 

mechanisms, like the development of plasma currents, lead to a change in the magnetic 

topology as well as plasma parameters over time. Therefore the heat load pattern on the PFCs 

is dynamic. To ensure PFC integrity, mitigate impurity accumulation and more, heat load 

pattern control is essential for long term operation. 

Since the physics of the underlying processes is highly complex and real time capability is 

required, we pursue heat load pattern control based on machine learning approaches. As an 

intermediate step towards this long term objective, we present neural networks capable of 

reconstructing crucial plasma properties from PFC heat load patterns. 
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Synchronization consists of the coordination of events to operate systems in harmony. 

Recently the importance of synchronization has been recognised in both the operation 

of artificial systems and in the investigation of natural events. In the last decade or so, 

synchronization of multiple interacting dynamical systems has therefore become a lively field 

of study for control. In Magnetic Confinement Nuclear Fusion, various pacing concepts have 

been recently proposed to control various instabilities, from sawteeth to ELMs. Some of the 

main difficulties of these experiments reside in the quantification of the synchronization 

efficiency; poor accuracy in this respect affects the potential of the techniques for the 

understanding of the main physical mechanisms involved. In the paper, various independent 

statistical indicators are introduced to address these issues. In metallic Tokamaks, one of the 

most recent applications of ICRH heating on JET is sawtooth control by ICRH modulation, 

for avoiding triggering dangerous Neoclassical Tearing Modes and counteracting impurity 

accumulation. Various forms of Edge Localised Modes pacing have also been tried to 

influence their behaviour using external perturbations; the one studied in this paper, injection 

of pellets, seems the most promising in the perspective of future devices such as ITER. In the 

application to JET experiments with the ILW, the proposed indicators provide sound and 

coherent estimates of the efficiency of the synchronisation scheme investigated. They also 

confirm the interpretation that the fast ions play a fundamental role in the stabilization of the 

sawteeth, in both L and H mode.  

 

                                                           
*  See the author list of “E. Joffrin et al., 27th IAEA Fusion Energy Conference, 22nd -27th October 2018, 

Ahmedabad, India” 
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Synchronously sampled, multiple time series from data reflecting spatially distributed origin 

may reveal the spatio-temporal coupling in distributed systems. Related problems are wide 

spread; e.g., in the analysis of multichannel electroencephalography in medicine. In physical 

science, e.g., flows, transport or non-local mechanisms can convey signatures of space time 

relations. In fusion plasmas, specific interest on generally applicable techniques for assessing 

the spatio-temporal coupling result from investigations of signatures of particle and energy 

transport or evolving instabilities (e.g. ELMs). Additional insights from respective analyses 

may contribute to the identification of operational space of a fusion device.  

Assessing techniques in multivariate time-series analysis is therefore of interest in fusion data 

analysis. In this paper, the well-established approach of cross-correlation analysis is compared 

to multivariate mutual information analysis and partial mutual information analysis. The 

assessment aims at a qualification of those techniques for causality analyses. It appears to be 

self-evident that a potential application of the causality detection is the identification of 

actuators for the control of fluxes and instabilities. 

Cross-correlations reveal linear statistical dependencies only. Generalizing to non-linear 

correlations, mutual information delivers also non-linear statistical dependencies and comes 

as a quantity that can be interpreted in terms of information theory. These methods are 

broadly employed in experimental science including applications in fusion research [1]. 

Extending the aforementioned approach, partial mutual information [2] provides means to 

assess the direction of mutual information. This is done by discounting for the information 

from separate sources and may therefore provide indications for causality between 

measurements from different positions. 

As a specific application, a multi-channel measurement from an electron cyclotron radiometer 

on W7-X is assessed in terms of its space-time response. The three techniques are compared 

and discussed in view of their applicability and added value for the detection of space-time 

dynamics. Partial mutual information turns out to provide valuable information on sources of 

interference e.g. from detection electronics. The result from different techniques for 

measuring the space-time coupling of data are also assessed for conclusions on flows and 

transport. A specific case is the use of emissivity fluctuations for the identification of flux 

surfaces. The result provides an independent experimental tests for equilibrium calculations. 

References: 
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[2] Frenzel, Pompe, Phys. Rev. Lett. 99, 204101 (2007) 
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Local electron density estimation from the line-integrated density measurement by 

multichannel laser interferometers is one of typical inverse problems in fusion plasma science. 

With an assumption that the local electron density ne(ρ) is a function of the magnetic flux 

surface (ρ) and the magnetic flux surface position is known, the line-integrated electron 

density NL is written as a product of the integration matrix (A), which is determined 

geometically from the positions of the laser path and magnetic flux surface, and the local 

electron density, i.e., NL = Ane. Although the direct inversion of the matrix A to estimate ne is 

numerically unstable, many methods have been reported to reduce the instability of the linear 

inverse problems, such as those based on classical regularization technique [1] and Bayesian 

statitics. However, systematic bias caused by the error in A has not been sufficiently studied 

yet. 

In this work, we compare the line-integrated electron density NL measured by far infrared 

laser interferometers and the local electron density ne,Thom measured by Thomson scattering 

system, the temporal resolution of which is much smaller than the interferometer, for Large 

Helical Device plasmas. The local electron density estimated from the inversion of NL shows 

a systematic difference from the measured ne,Thom with an average discrepancy of ≈10%. We 

found that a correction factor δA≠0 is necessary to reconstruct NL from ne,Thom, i.e., NL ≈ 

(A+δA)ne,Thom. 

Based on a machine learning technique, we estimated δA from the two measurements. With 

the use of the estimated δA values, the inversion result shows much closer profiles to ne,Thom 

with the averaged discrepancy of ≈ 3%, even for the data that we do not use to estimate δA. 

References: 
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Sci. Instrum, 85:53506, 2014. 
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Synthetic diagnostics are needed for a variety of roles within the ITER Project from 

supporting diagnostic design and optimisation, through the development of controllers for the 

Plasma Control System (PCS) and carrying out high fidelity plasma simulations with realistic 

plant models, to their use in inferring the most likely plasma state from all diagnostic 

measurements. 

The nearest term need is the support of diagnostic design and optimization.  Here the role of 

the synthetic diagnostic is to act as a forward model predicting the measurement signals and 

their accuracy that will be generated by a given diagnostic system in the different phases of 

ITER operation.  Armed with this information, the diagnostic design can be varied to 

optimally meet, or in many cases even exceed, the measurement requirements whilst 

simultaneously meeting the many other requirements imposed due to operating in a nuclear 

environment, for example, limiting the neutron streaming through the diagnostic port plugs. 

Control performance can be limited by the quality of the sensors that are being used by the 

ITER PCS. Hence, the design and assessment of controllers requires having realistic models 

that deliver synthetic equivalents of the signals that will be used in real-time.  Similarly, the 

highest fidelity predictive simulations will also benefit from having the most realistic 

diagnostic (and actuator) models. 

Having diagnostic forward models also allows the research plan to be optimised based on a 

more realistic understanding of the information that will be available at different stages of the 

ITER Research Plan [1].  For example, forward models of the diagnostics present during First 

Plasma are helping guide the development of the strategy to achieve this first ITER mission 

objective, namely a plasma with a plasma current of at least 100 kA and at least a duration of 

100 ms. 

The final use of synthetic diagnostics outlined here is their role in rigorously inferring the 

most likely plasma state given all measurement data. Here an important property of the 

synthetic diagnostics is that as few, but explicitly stated, prior assumptions as possible are 

made in order to have the most objective interpretation of the measurements as possible.  

These models, and an associated inference infrastructure, are critical to being able to flow-

down the contributing diagnostic signals to deliver the most rigorous interpretation of all the 

diagnostic measurements in addition to providing the means to demonstrate that the ITER 

Project’s Measurement Requirements have been met. 

Synthetic diagnostics for ITER will be implemented within the Integrated Modelling & 

Analysis Suite (IMAS) that utilises a standardised Data Dictionary to describe the structured 

data that is required as input and produced as output from the synthetic diagnostics. 

[1] ITER Research Plan within the Staged Approach: https://www.iter.org/technical-reports  
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This work presents the development of a forward model for optical polarimetry imaging 

systems that includes a general polarisation aware 3D ray-tracer. The model is used for the 

initial study, design, and finally the interpretation of measured data from the Imaging 

Motional Stark Effect (IMSE) at ASDEX Upgrade [1]. 

Coherence imaging based diagnostics for fusion devices have enabled high resolution and 

high precision 2D measurements of spectroscopic and polarimetric information. The ASDEX 

Upgrade IMSE diagnostic functions effectively as an imaging polarimeter, providing 

measurements of the internal magnetic field via the polarisation angle of Stark-split neutral 

beam emission. It was developed with the goal of measuring extremely small changes in 

polarisation due to sawtooth collapses (< 0.1°). At this new level of accuracy, a multitude of 

small effects typically neglected in MSE polarimetry become important. For instance, due to 

the high-etendué relay optics, effects such as Faraday Rotation, Fresnel coefficients and other 

wide field of view effects are significant. To accurately model these, a fully 3D general 

polarisation ray-tracing code was developed and coupled to a detailed forward model of the 

ASDEX Upgrade IMSE system, magnetic coils and diagnostics. The model was first used to 

design a prototype IMSE diagnostic, which lead to successful measurements immediately 

upon installation. Later, the analysis of the measured polarisation was made using the same 

model and first-order agreement with the absolute polarisation angle predicted in real-space at 

the end of the optical path was achieved without the need for an absolute calibration. 

References: 
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Almost all computer codes for simulations of complex physics phenomena rely on a large 

number of input parameters. Typically many of these parameters are uncertain. A proper 

comparison with experimental data or other models requires the quantification of the 

uncertainty of the results. We demonstrate how the combination of proper quantified 

simulations using a non-intrusive polynomial chaos expansion based approach and measured 

data allow the estimation of otherwise hardly accessible parameters. At the same time a 

quantitative description which combinations of inputs are most influential is obtained. As an 

illustrative example we use measured sputter-yield-data in combination with the SDTRIM-

Monte Carlo code which is widely used for the simulation of ion-solid interactions. 

Perspectives and limitations of the presented approach in the light of increasing parallel 

computing power are discussed. 
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Plasmas exhibit phenomena over a wide range of time and spatial scale. Often, plasma 

physicists apply a range of transforms or filters to extract features of interest (e.g. Fourier 

transforms, correlation analysis, peak detection, etc.). Neural networks have shown promise in 

learning the filters needed to accomplish a particular task, such as classifying whether an 

image has a car, without the need for humans specifying the transforms or filters. Several 

neural network architectures, such as recurrent neural networks (RNNs) and their variants 

such as LSTMs, have also proven very useful for sequence learning, including in time series. 

However, it is often difficult for such architectures to be trained on long time sequences, 

which invariably many plasma experiments have due to ever increasing data acquisition rates. 

Here we will discuss recent advances in deep convolutional neural networks for sequence 

learning, which allow for covering long time sequences, in order to be sensitive to the 

multiple time scales present. These will be applied to time series data from tokamak 

diagnostics, to show their utility.  
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Present day and next step tokamaks will require precise control of plasma conditions, 

including the spatial distribution of rotation and current profiles, in order to optimize 

performance and avoid physics and operational constraints. This motivates expanding the 

availability of diagnostics in real-time as well as developing physics-model-based approaches 

to real-time plasma condition estimation, feedback control, and scenario forecasting. The 

model-based control approach relies on a hierarchy of models of varying fidelity and speed 

that are used for design, testing, and implementation of real-time algorithms. Integrated 

modeling codes can provide high-fidelity simulation capability, but are not suited for 

algorithm design or real-time implementation. Data-driven reduced modeling based on higher 

fidelity models provides a path for developing accelerated predictive models for these tasks. 

Several such models have been developed including a real-time capable neural network beam 

model that calculates heating, torque, and current drive profiles from equilibrium parameters 

and measured profiles. Models for real-time evaluation of plasma conductivity, bootstrap 

current, and flux surface averaged geometric quantities for use in current profile control 

algorithms have also been developed. The training and testing of these models will be 

presented, along with initial applications, including real-time estimation of anomalous fast ion 

diffusivity to match measured neutron rates. 
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An integrated modeling workflow capable of finding the steady-state solution with self-

consistent core transport, pedestal structure, current profile, and plasma equilibrium physics 

has been developed and tested against DIII-D discharges. Key features of the achieved core-

pedestal coupled workflow are its ability to account for the transport of impurities in the 

plasma self-consistently, as well as its use of machine-learning-accelerated models for the 

pedestal structure and for the turbulent transport physics. 

Notably, the coupled workflow has been implemented as part of the STEP (Stability 

Transport Equilibrium Pedestal) module within the OMFIT framework, a module that makes 

use of the ITER integrated modeling and analysis suite (IMAS) data structure as a central 

repository for exchanging data among physics codes. Such technical advance has been 

facilitated by the development of the OMAS numerical library.  

Benchmarking with DIII-D plasma discharges shows that the workflow is capable of 

reproducing with high fidelity the experimentally measured kinetic profiles from the plasma 

axis to the separatrix (including the carbon impurity density). Application of the workflow to 

predict ITER baseline scenario stationary profiles shows that although the edge pedestal can 

be increased by impurity edge seeding (via Neon, for instance) the resulting core D-T fuel 

dilution yields no significant gain in fusion reactivity. The new workflow provides an 

important advancement towards our ability to perform high-fidelity self-consistent 

simulations with rapid turnaround time. 

This work was supported in part by the US Department of Energy under Contract Nos. DE-

SC0017992 (AToM), DE-FG02-95ER54309 (GA theory), DE-FC02-06ER54873 (ESL), and 

DE-FC02-04ER54698 (DIII-D). This  research  used  resources  of  the  National  Energy 

Research Scientific Computing Center (NERSC), a DOE Office of Science User Facility 

supported by the Office of Science of the U.S. Department of Energy under Contract No. DE-

AC02-05CH11231. The views and opinions expressed herein do not necessarily reflect those 

of the ITER Organization. 
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In an experimental fusion device, diagnostics produce the same morphological patterns in the 

signals for reproducible plasma behaviours. Analysis of plasma discharges normally involves 

a visual inspection of signal waveforms. Scientists are particularly interested in finding 

anomalous patterns in data that do not conform to expected behaviours. The importance of 

anomaly detection is due to the fact that anomalies in the data, usually involve significant and 

critical information. In nuclear fusion, there are a variety of anomalies that could be related to 

known plasma physics, such as disruptions. However, the detection and characterization of 

anomalies in massive fusion databases could be impossible without any automatic assistance. 

Presently, the amount of data per discharge is huge, up to 10 GBytes of data per shot in JET 

(or the estimation of 1 TBytes in ITER). The article proposes the application of Deep 

Learning (DL) for performing the automatic detection of anomalies. One of the main 

applications of DL is automatic feature extraction with auto-encoders. Feature extraction is a 

critical stage in machine learning that can drastically reduce the dimensionality of the 

problem, making the process of pattern recognition easier. An auto-encoder (AE) is an 

artificial neural network for unsupervised learning. By putting some constraints on the AE, it 

can discover suitable features for pattern recognition automatically. For instance, a limited 

number of units in the hidden layer of the AE should code the data in a simpler feature space, 

revealing the existence of patterns in waveforms. This allows the identification of 

synchronous anomalous behaviours in several signals with their corresponding temporal 

segments. The approach has been tested in the nuclear fusion device TJ-II. The results 

regarding the application of the DL approach, considering a comparison with a visual 

inspection of waveforms, and the main effects of the AE parameters are discussed in detail. 
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The use of deep learning is facilitating a wide range of data processing tasks in many fields. 

The analysis of fusion data is no exception, since there is a need to process large amounts of 

data from the diagnostic systems attached to a fusion device. Fusion data involves images and 

time series, so they are a natural candidate for the use of convolutional neural networks 

(CNNs) and recurrent neural networks (RNNs). In this work, we describe how CNNs can be 

used for image processing to reconstruct the plasma radiation profile. In addition, we describe 

how RNNs can be used for time series analysis in order to predict plasma disruptions. Both 

approaches are based on the signals provided by the bolometer system at JET, which is a 

multi-sensor diagnostic with several lines of sight on a poloidal cross-section of the fusion 

device. Each bolometer measures the line-integrated radiation along its line of sight.  

From the bolometer signals, it is possible to reconstruct the 2D plasma radiation profile using 

tomography techniques. However, the method that is used at JET is time-consuming, 

requiring up to 1h to produce a single reconstruction. A CNN trained on existing tomograms 

can reconstruct the plasma profile with high accuracy, as evaluated by different metrics. It is 

also much faster, being able to produce 3000 reconstructions per second on a Nvidia Titan X 

GPU. The same input signals can also be used for disruption prediction. In the bolometer 

signals, it is possible to observe some of the physical phenomena associated with plasma 

disruptions. Besides the disruption itself, it is possible to detect, for example, an impurity 

concentration at the plasma core, which could be the precursor to an impending disruption. A 

RNN can learn such precursors and become a disruption predictor with comparable 

performance to those being currently used at JET.  

Fig. 1 shows some sample results from both the CNN and the RNN on a JET pulse. The CNN 

provides the tomographic reconstruction of the plasma profile for a given set of time points. 

The RNN provides a prediction of the probability of disruption (prd) and of the time to 

disruption (ttd) for the same time points. In this example, prd is high from early on, since this 

is a 3 MA high-power pulse. However, ttd has a sudden drop when an impurity concentration 

appears at the plasma core (t = 52.5 s). As soon as ttd ≤ 0.5 s, an alarm is raised to indicate 

that a disruption is imminent, with sufficient warning time for mitigating actions. In general, 

an alarm can be triggered when both prd and ttd are above/below a certain threshold.  

  

                                                           
*  See the author list of X. Litaudon, et al., Nucl. Fusion 57 102001 (2017) 
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The edge density and temperature of fusion plasmas are essential in determining global 

energy and particle confinement, yet a fully predictive model of the edge region near the 

plasma boundary where transport barriers form is currently lacking. Computational methods 

for predicting edge pedestals based upon controllable inputs such as plasma shaping 

parameters and auxiliary power are explored via supervised learning techniques. These 

methods can lead to automated routines for understanding how operational inputs 

quantitatively influence confinement regimes and transitions, which could provide enhanced 

capability for controlling fusion plasmas to optimize power output. A classification approach 

was undertaken whereby existence conditions for L-, H-, and I-modes on Alcator C-Mod 

shots were identified. While development of this multi-class confinement mode classification 

method provides an initial tool to analyze regime accessibility, a more robust pedestal profile 

methodology is examined on Alcator C-Mod. Two-dimensional Gaussian process regression, 

accounting for both spatial and temporal correlations, is applied on experimental data directly 

from plasma diagnostics to construct training data for neural network architectures. This 

approach provides a highly transferable pathway for validation across tokamaks and overall 

improved prediction of electron density and temperature profiles in the pedestal region.  
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Tokamak fusion plasmas can undergo ideal 

magnetohydrodynamic (MHD) instabilities at high ratios 

of plasma pressure to magnetic confinement field pressure, 

known as β, which can lead to a disruption of the plasma. 

In order to study these disruptions, the DECAF code [1] 

has been developed, integrating physics models of several 

causal events that can lead to a disruption. The DCON 

ideal MHD stability code [2] has been used to analyse a 

large database of equilibria from the National Spherical 

Tokamak Experiment (NSTX). In order to understand 

when the plasma approaches unstable conditions, DCON 

can compute the change in plasma potential energy due to 

a perturbation of the confining magnetic field, -δW. An analytic reduced model [3] was 

developed to compute the no-wall β limit and to reproduce DCON calculations as a function 

of normalized beta, βN, internal inductance, li, pressure peaking, p0/‹p›, and aspect ratio, A. 

Here we develop a machine learning based approach to determine -δW adding five more 

plasma parameters: plasma elongation, κ, safety factor at 95% of the flux, q95, toroidal 

rotation frequency in the core(ωφ(0)) and at mid-radius(ωφ(mid)), and Greenwald density 

fraction, ¯ ne/nG, where ¯ ne is the line averaged density. We have tested with both Multilayer 

Perceptron (MLP) artificial neural networks and Random Forest Regression [4], finding the 

latter performing better in terms of R-squared and flexibility. Therefore, a random decision 

forest has been trained on 10653 data points with K-Fold Cross Validation for 600 iterations 

using 3 folds. The selected best model had 800 estimators(trees), each one having a maximum 

of 20 levels. Figure1 shows the DCON computed -δW versus a function of equilibrium 

quantities determined by the Random Forest algorithm. Each point is colour coded either in 

purple (-δW < 0, below the "no-wall" stability limit where stabilizing device conducting 

structure is omitted) or in yellow (-δW > 0, above). The model also allowed us to extract 

features in order of importance, showing that βN, κ, A, li and p0/‹p› are the parameters that 

most affect the estimated values of δW; while ωφ(0), ωφ(mid), q95 and ¯ ne/nG have the least 

effect, as expected by the underlying physics. 

Supported by US DOE Grant DE-SC0018623 and EPSRC Grants EP/R025290/1, 

EP/P02243X/1. 
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In this paper, the problem of plasma vertical movement modeling in the Damavand tokamak 

has been studied with a physical approach. The proposed model is based on magnetic 

measurements of poloidal fields and currents. The algebraic equation defining the vertical 

position in this model is based on instantaneous force-balance, which together with the circuit 

equations of equilibrium and control windings form the relations necessary to describe the 

vertical displacement of the plasma. The equilibrium parameters of the model (Gamma 

parameter, decay index of the magnetic fields, and Mutual inductances between plasma and 

active coils) are defined as a time variant functions that are dependent on poloidal coil 

currents and plasma current. Validation of the MISO model has been performed with 

experimental data, and the results always indicate a root mean square error of less than 10%. 
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In this paper, the effect of Resonant Helical magnetic Field (RHF) and biasing on plasma 

parameters and radial turbulent transport have been investigated. The experiment has been 

done in three steps. First only biasing is turned on. Then only RHF applied to the plasma and 

finally the biasing and RHF have been applied simultaneously. The biased voltage has been 

fixed at V=200 V at the edge of plasma and RHF has L = 2 and L = 3. For this purpose, the 

ion saturation current fluctuations (Isat) and the gradient of floating potential fluctuations ( 

Vf) have been measured by the Multi-Directional Langmuir probe at the edge of plasma. 

Moreover, the cross power spectrum and the phase difference between Isat and  

Vf, have been calculated. They have been analyzed with the Emperical Mode Decomposition 

(EMD) method. The results show that in the simultaneous presence of biasing and RHF, the 

amplitude and flatness of plasma current increased about 27%. The slop of Isat and  

Vf residue has been changed after applied external fields. Also the box-plots of IMFs during 

biasing and RHF application are compared with the other cases.  
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Position sensitive detector (PSD) has been used in high neutron and gamma radiation 

environment to detect neutrons and other charged particles. PSD has been used to record 

neutrons and its position in high neutron/gamma radiation for use in tomography and 

nanomaterial characterization. In experimental particle physics, PSD has been used to identify 

charged particles for mass-energy reconstruction purposes.  This paper will discuss various 

uses of PSD in Malaysian Nuclear and other experimental particle physics facilities.  
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To detect L/H transition in real time manner, KSTAR has developed L/H transition detector 

system using Machine Learning method system (LHML). LHML is a system that detects L/H 

transition using Machine Learning method. The L/H transition detection algorithm using 

machine learning method was proposed by GW Shin [1]. In this paper, we describe the design 

and implementation of real time LHML system. We implemented LHML algorithm using the 

real-time framework to operate in real time. In most of tokamak, a high confinement mode 

(H-mode) operation is much more desired than Low confinement mode (L-mode). Because In 

H-mode, more efficient fusion plant design is possible. The density control efficiency is very 

different for H-mode plasmas, mainly due to the change of fuelling efficiency related to the 

edge transport barrier at the H-mode. Therefore, the density control devices and algorithm 

need to be changed as the mode of plasma changes. To apply different algorithm according to 

plasma mode, it is necessary to be able to determine the plasma mode in real time. In order for 

the algorithm to operate in real time, we configured the program to process the data 

sequentially, rather than batch [1]. The LHML system receives the data stream, 

simultaneously processes the data, and sends the result in the form of a data stream. LHML 

uses Long Shot Term Memory Networks (LSTM) to estimate the L/H modes. LSTM can 

learn from sequential data and predict the class of data sequentially. To obtain real time 

performance, the algorithm is implemented in C++. LHML system receives data stream of , a 

deuterium spectral line of Balmer series, and Millimetre-Wave interferometer (MMWI, ), line 

averaged electron density, data stream and estimates L/H mode and sends the mode 

sequentially to the other system. To send and receive the data stream, ITER Synchronous 

Databus Network (SDN) [3] was used. LHML system is implemented using multi-threading 

to process data in parallel. By implementing separate threads for each data source, the data 

with different data rates can be received and processed in parallel. Each thread is controlled 

by Finite State Machine (FSM) thread which control other thread according to KSTAR shot 

sequence information. To easily implement the real-time multi-threading system, we use RT-

ParaPro [2]. RT-ParaPro is homemade real time parallel stream processing library. RT-

ParaPro supports real time threads. This provides a way to transfer data between threads and 

to synchronize between threads. RHEL MRG-R kernel has been used to achieve real time 

performance. Each CPU core is isolated and allocated to each dedicated job. The LHML 

system was operated in 2018 KSTAR campaign and the LHML system reliably predicted 

L/H. The accuracy of the system was 0.8 and it takes around 150 msec to predict the plasma 

L/H mode. 
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Efficient utilization of experimental data archives in fusion science is critical for enabling 

large-scale machine learning studies. Collection, curation, and formatting of data are all 

prerequisites for rapid assembly of training and test spaces and help ensure the reliability of 

machine learning model inference. This work covers recent enhancements to GA TokSearch, 

a flexible data mining tool that allows for massively parallel data ingestion and processing. It 

is shown that TokSearch can effectively exploit high performance computing hardware and 

provide processing throughput that is orders of magnitude faster than single-threaded 

methods. This work also provides two examples of using TokSearch in constructing plasma 

control-related machine learning models. In the first example, TokSearch is used to create a 

large training set that is then utilized to explore the possibility of estimating nonlinear 

autoregressive evolution models for key equilibrium quantities. In the second example, a 

recurrent neural network is used to predict the future vertical position of the plasma in the 

DIII-D tokamak, reflecting the dynamic plasma response. This model is trained using a set of 

features consisting of commands and equilibrium quantities, and it is shown how TokSearch’s 

fast processing capability was used to iteratively select the optimal features, allowing 

prediction of the vertical position of the plasma within 0.8 mm over a moving 5 ms future 

time horizon.  
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Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or 
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Presence of fast energetic particles in tokamak plasmas can lead to destabilization of shear 

Alfvén waves by resonance of particle velocity with Alfvén velocity of the plasma. These 

Alfvénic instabilities can in turn degrade confinement of the energetic particles and thus lower 

plasma performance and possibly endanger plasma facing components of the tokamak. Alfvén 

waves are typically excited by fast ions generated by auxiliary plasma heating or fusion 

reactions, however, magnetic measurements on the COMPASS tokamak recently revealed 

Alfvénic modes in ohmic plasmas that are likely driven by runaway electrons [1]. Since they 

occur relatively sparsely, their detection is usually quite demanding and requires a significant 

amount of manual labour. On COMPASS, a large database of collected signals is available, 

however, so far only a relatively small amount of discharges has been positively labeled as 

containing the runaway-driven Alfvén eigenmode. This presents an ideal setting for a machine 

learning approach. In our contribution, we strive to automatize the detection of discharges 

during which the Alfvén eigenmode has occurred. For this, we use data from magnetic 

measurements and their spectral characteristics. On this data we train deep neural networks of 

different architectures to learn a low-dimensional representation. Classification and clustering 

on this representation is easier than in the original space. Using a machine learning approach 

with neural network architecture such as the variational autoencoder [2] enables us to process 

and automatically label large amounts of data. With more data, a deeper understanding of the 

Alfvén eigenmode behaviour and characteristics may be obtained. We present an overview of 

the neural network architectures used together with description of the problem from the 

physics point of view. On a number of experiments, we show that our approach is a viable 

option for automated detection of rare instabilities in tokamak plasma. 
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Currently, progressing our understanding of divertor plasma physics is limited by an inability 

to directly determine the full plasma ‘solution’ (density, temperature, etc.) over the entire 

divertor cross-section. Diagnostics such as Thomson scattering and Langmuir probes only 

allow for direct estimation of ne and Te at isolated points. Divertor imaging systems, which 

are able to collect information from across the divertor chamber, do not measure directly the 

fields of plasma temperature and density, but higher-level quantities such as line-integrated 

atomic line emissivities, which are functions of ne and Te.  We aim to address this problem by 

using Bayesian data analysis combine information from multiple diagnostic systems, 

including those named above, so that the 2D fields of plasma temperature and density may be 

inferred. 

We will present the results of the design and implementation of such a system as well as the 

results of testing using synthetic diagnostic ‘measurements’ (which include appropriate added 

noise) derived from the SOLPS fluid code predictions of the MAST-U Super-X divertor. This 

first iteration of the system, intended to serve as a proof-of-principle, infers the plasma fields 

based on synthetic filtered camera images viewing the Balmer 𝛼, 𝛽, 𝛾 and 𝛿 lines, and 

synthetic estimates of ne and Te from divertor Thomson scattering and Langmuir probes. 

In these synthetic tests we are able to infer the plasma fields at resolutions better than 2 cm in 

the divertor leg, with a mean absolute error between the inferred fields and the SOLPS test 

case of Te ~1.2 eV and ne ~1.3×1018 m-3, where the test case has a mean temperature of 6.4 eV 

and mean density of 1.2×1019 m-3. 
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Validations of toroidal rotation and ion temperature are one of the most important topics for 

the magnetically confined tokamak plasma researches since the toroidal rotation is essential 

for the stabilization of resistive wall mode and its shear plays an important role to improve 

plasma confinement, and the ion temperature is one of the most frequently used fundamental 

parameter to investigate fusion plasma researches.  

Cross comparisons of the toroidal rotation and ion temperature measurements from Xray 

imaging crystal spectrometer (XICS) and charge exchange recombination spectroscopy 

(CXRS or CES) on KSTAR and EAST tokamak devices have been carried out since both 

machines equip the two diagnostics. Simultaneous measurements for the toroidal rotation and 

ion temperature from the XICS and CXRS on KSTAR and EAST have shown reasonable 

agreement as shown in Figs. 1 and 2, respectively. Recently, various calibration methods for 

the XICS from KSTAR and EAST devices are under development since an absolute 

wavelength calibration for the XICS is very difficult task. This paper will describe detailed 

experimental results of the toroidal rotation and ion temperature validation studies and 

calibration processes for the XICS from KSTAR and EAST tokamak devices.  
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A newly developed spectroscopic system based on linear photodiodes array has been installed 

on upgraded Glass Spherical Tokamak (GLAST-III) for spatial as well as temporal analysis of 

hydrogen discharge using light emission. The spectral range of each silicon photodiode is 

from 300 to 1100 nm with response time of 10 ns and active area of 5 mm2 (circular). The 

light from the plasma is collected along 4 lines of sight channels with spatial resolution of 

about 5 cm passing from entire poloidal cross section. The analysis of photodiode's signals 

located at position of 10 and 14 cm from inboard side show fluctuating behaviour of the 

central plasma region. Moreover, the sequence of plasma lighting shows that plasma 

instigates from the central resonant region and then expands outwards. At lower pressure, 

outboard movement of the plasma is slower suggesting better plasma confinement. In addition 

to photodiode array, an Ocean spectrometer (HR2000+) has been used to record the visible 

spectrum (597–703 nm) with a spectral resolution of 0.15 nm. The studies have been 

conducted during initial phase of plasma formation for two different hydrogen gas fill 

pressures. Langmuir triple probe is used to get time-resolved information of electron 

temperature and electron number density in the edge region. The time evolution of whole 

discharge including microwave pre-ionization phase and current formation phase has been 

demonstrated by temporal profiles of light emission and plasma floating potential. 

(a) (b) 

  

(a) Conceptual layout of the line of sight configuration with poloidal cross section for spatial 

measurements of plasma emission 

(b) Pictorial illustration of GLAST-III 
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High performance tokamak operation places constraints on the presence of impurities in both 

the core and edge plasma regions. Consequently, neoclassical and turbulent impurity transport 

must be understood, controlled and optimized for integrated scenarios. In this work, we study 

radial impurity transport in the core of EDA H-mode and I-mode scenarios without ELMs in 

Alcator C-Mod. Trace amounts of calcium () have been introduced using laser blow-off 

injections and diagnosed via spectroscopic measurements of multiple Ca charge states. 

Analysis of line-integrated, overlapping quasi-Gaussian atomic line shapes has been carried 

out using a new Bayesian Spectral Fitting Code (BSFC). The STRAHL impurity transport 

code [Dux 06] has been optimized for iterative operation, resulting in fundamental advantages 

in parallel execution. This, combined with the utilization of Bayesian nested sampling 

techniques and HPC resources, has allowed inference of radial profiles of diffusion and 

convection with unprecedented detail and statistical rigor. We compare these results with 

turbulent TGLF [Staebler 07] and neoclassical NEO [Belli 08] predictions. These simulations, 

performed by probing experimental uncertainties in input parameters, reproduce qualitative 

trends as well as quantitative agreement over significant regions of the plasma. 
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