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• Key parameters:

• Particle densities: 𝑛e, 𝑛i

• Particle temperatures: 𝑇e, 𝑇i

• Plasma radiation, 𝑍eff, etc.

• Diagnostic observations of various physical processes:

• Thomson scattering ← 𝑛e, 𝑇e

• Interferometry ← 𝑛e

• Beam emission spectroscopy ← 𝑛e, 𝑇e, 𝑛i, 𝑇i

• Passive spectroscopy (bremsstrahlung, charge exchange) ← 𝑇i, 𝑍eff

• Soft X-rays, bolometry, etc.
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Plasma diagnostic modelling in nuclear fusion experiments



• Data analysis: constructing an inverse function 𝑓−1 for an individual diagnostic (inverse problem)

𝐷
𝑓−1

𝐻
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Plasma diagnostic modelling in nuclear fusion experiments

𝐷: Thomson scattering spectra, interference patterns, etc.

𝐻: 𝑛e, 𝑇e, 𝑇i, etc.



• Data analysis: constructing an inverse function 𝑓−1 for an individual diagnostic (inverse problem)

𝐷
𝑓−1

𝐻

• Challenges:

• Problem might be not or only partially invertible (e.g., ill-posed)
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• Data analysis: constructing an inverse function 𝑓−1 for an individual diagnostic (inverse problem)

𝐷
𝑓−1

𝐻

• Challenges:

• Problem might be not or only partially invertible (e.g., ill-posed)

• Uncertainty quantification
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• Data analysis: constructing an inverse function 𝑓−1 for an individual diagnostic (inverse problem)

𝐷
𝑓−1

𝐻

• Challenges:

• Problem might be not or only partially invertible (e.g., ill-posed)

• Uncertainty quantification

• Data fusion: merging diverse observations to obtain a consistent solution
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• Data analysis: constructing an inverse function 𝑓−1 for an individual diagnostic (inverse problem)

𝐷
𝑓−1

𝐻

• Challenges:

• Problem might be not or only partially invertible (e.g., ill-posed)

• Uncertainty quantification

• Data fusion: merging diverse observations to obtain a consistent solution

• Model selection: avoiding over- or under-fitting
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• Data analysis: constructing an inverse function 𝑓−1 for an individual diagnostic (inverse problem)

𝐷
𝑓−1

𝐻

• Challenges:

• Problem might be not or only partially invertible (e.g., ill-posed)

• Uncertainty quantification

• Data fusion: merging diverse observations to obtain a consistent solution

• Model selection: avoiding over- or under-fitting

• Additional practical concerns: maintenance, debugging, etc.
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Plasma diagnostic modelling in nuclear fusion experiments

𝐷: Thomson scattering spectra, interference patterns, etc.

𝐻: 𝑛e, 𝑇e, 𝑇i, etc.



• Constructing a predictive forward model (forward problem) 𝑓(𝐻)

• The model predicts observations given specific parameters.
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• Constructing a predictive forward model (forward problem) 𝑓(𝐻)

• The model predicts observations given specific parameters.

• Bayesian probability: the language of uncertainty (and model comparison)

• The state of knowledge of model parameters can be explicitly represented as a probability distribution both 

prior to and posterior to observations, allowing uncertainties to be quantified without any loss of information.
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• The model predicts observations given specific parameters.

• Bayesian probability: the language of uncertainty (and model comparison)

• The state of knowledge of model parameters can be explicitly represented as a probability distribution both 

prior to and posterior to observations, allowing uncertainties to be quantified without any loss of information.

• Bayes' theorem: the posterior distribution for any combination of observations
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• Constructing a predictive forward model (forward problem) 𝑓(𝐻)

• The model predicts observations given specific parameters.

• Bayesian probability: the language of uncertainty (and model comparison)

• The state of knowledge of model parameters can be explicitly represented as a probability distribution both 

prior to and posterior to observations, allowing uncertainties to be quantified without any loss of information.

• Bayes' theorem: the posterior distribution for any combination of observations

• Graphical model: unfolding the complexity of the model in which everything is declared.

• Model assumptions (regularization), systematic parameters, and other aspects are clearly defined in the 

model and easily accessible through graphical representation, facilitating maintenance, debugging, 

reproducibility, etc.
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• Defining the prior state of the system: 𝑃 𝐻 (𝐻: 𝑛e, 𝑇e, etc.)

• Declaring model assumptions based on underlying physics and/or ad-

hoc regularisation.
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• Defining the prior state of the system: 𝑃 𝐻 (𝐻: 𝑛e, 𝑇e, etc.)

• Declaring model assumptions based on underlying physics and/or ad-

hoc regularisation.

• The predictive distribution over observations 𝑃(𝐷|𝐻) captures the 

physical processes occurring during experiments, defined by the 

forward model 𝑓(𝐻).
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• Defining the prior state of the system: 𝑃 𝐻 (𝐻: 𝑛e, 𝑇e, etc.)

• Declaring model assumptions based on underlying physics and/or ad-

hoc regularisation.

• The predictive distribution over observations 𝑃(𝐷|𝐻) captures the 

physical processes occurring during experiments, defined by the 

forward model 𝑓(𝐻).

• Once the observations are available, we can update 𝑃 𝐻 to the 

posterior state 𝑃 𝐻|𝐷 by Bayes’ theorem:

𝑃 𝐻 𝐷 =
𝑃 𝐷|𝐻 𝑃(𝐻)

𝑃(𝐷)
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• Data fusion: straightforward in Bayesian modelling
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• Data fusion: straightforward in Bayesian modelling

• Example case: two unknown parameters 𝐻1 and 𝐻2 and 

two different observations 𝐷1 and 𝐷2. 𝐷1 depends on 𝐻1

and 𝐷2 depends on 𝐻1 and 𝐻2:

𝑃 𝐻1, 𝐻2 𝐷1, 𝐷2 =
𝑃 𝐷1, 𝐷2|𝐻1, 𝐻2 𝑃(𝐻1, 𝐻2)

𝑃(𝐷1, 𝐷2)

=
𝑃 𝐷1 𝐻1 𝑃(𝐷2|𝐻1, 𝐻2)𝑃 𝐻1 𝑃(𝐻2)

𝑃 𝐷1 𝑃(𝐷2)
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• Can be generalised for any number of parameters and 

observations.
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Application: profile diagnostics for 𝒏𝐞 and 𝑻𝐞
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S Kwak et al, 2020 Nucl. Fusion 60 046009

S Kwak et al Bayesian modelling of multiple plasma diagnostics at Wendelstein 7-X., to be published
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TS 𝑛e calibration: ±25%
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Application: profile diagnostics for 𝒏𝐞 and 𝑻𝐞

Profiles are inferred from OP1.1 data

𝑃 𝑛e, 𝑇e|𝐷𝑖𝑛𝑡 , 𝐷TS, 𝐷He

S Kwak et al, 2020 Nucl. Fusion 60 046009

S Kwak et al Bayesian modelling of multiple plasma diagnostics at Wendelstein 7-X., to be published
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• Thomson scattering: 

• Determining overall profile shapes

• Helium beam line ratios: 

• Well-constrained 𝑛e and 𝑇e in the edge region

• Interferometer: 

• Automatically corrected absolute 𝑛e scaling

• Predictions and observations: good agreements
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Application: profile diagnostics for 𝒏𝐞 and 𝑻𝐞

Profiles are inferred from OP1.1 data

Scaling to ∫ 𝑛e dℓ

𝑃 𝑛e, 𝑇e|𝐷𝑖𝑛𝑡 , 𝐷TS, 𝐷He

S Kwak et al, 2020 Nucl. Fusion 60 046009

S Kwak et al Bayesian modelling of multiple plasma diagnostics at Wendelstein 7-X., to be published



Overall trend is slightly increasing over time

(it might be caused by dust on the lens)
One experiment

• Automatic calibration of the high-resolution TS system at JET
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Application: profile diagnostics for 𝒏𝐞 and 𝑻𝐞 (JET)

S Kwak et al, 2020 Nucl. Fusion 60 046009
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung
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• Example discharge: H → He plasma

• Increasing overall 𝑍eff over time

• Well predicted line integrated bremsstrahlung spectra 
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung

@ 2.5 s



• Example discharge: Carbon accumulation

• Consistent with estimated 𝑍eff values from CX spectrometers
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Application: 𝒁𝐞𝐟𝐟 profiles from line integrated bremsstrahlung

@ 2.5 s @ 3.5 s

@ 4.5 s @ 5.5 s



• XMCTS: 20 soft X-ray cameras

• Shutters open to unknown positions → Tomograms 

inconsistent with flux surfaces

• Solution: infer shutter positions and calibration 

factors by exploring the marginal posterior 

𝑃 𝑑∥, 𝑑⊥, 𝑐 𝐷 .
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Application: Soft X-ray tomography

Shutter position not inferred Shutter position inferred 



• Advanced Gaussian process tomography resolving asymmetric radiation patterns
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Application: Bolometer tomography

J. Svensson, S. Kwak et al, to be published



• Tomographically inferred profiles given line-integrated X-ray spectra

• Delivering 𝑇e, 𝑇i and 𝑛z profiles for transport studies, compared well with fast analysis by Novimir Pablant
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Application: X-ray imaging spectrometers



• 𝑇e profiles from ECE measurements by including the TRAVIS code

• Extract 𝑛e profiles by combining ECE and interferometer data sets
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Application: ECE



• Bayesian modelling of plasma equilibria at JET

• Find equilibria fulfilling the force balance and multiple diagnostics (magnetics – pickups, saddles, 

flux loops, interferometers/polarimeters and profile diagnostics)

• MHD force balance implemented as a Bayesian prior through virtual observations

N S T X - U / M A G N E T I C  F U S I O N  S C I E N C E  M E E T I N G  |  S E H Y U N  K W A K  |  0 6 . 0 5 . 2 0 2 4 5 4

Application: Inference of equilibria (JET)

Sehyun Kwak et al 2022 Nucl. Fusion 62 126069



• Beam emission spectrometers with beam model and halo emission

• Divertor impurity emissivity tomography

• Helium beam diagnostics, atomic physics studies

• ECE calibrations and profiles, Michelson interferometers

• Langmuir probes, magnetics, single LoS 𝑍eff, power deposition, etc.

• Easily transferable to other devices: also employed in ITER, JET, etc.
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Other applications

M. Krychowiak et al, EPS 2021



• Main obstacle of Bayesian inference: inversion time

• Can be overcome by accelerating Minerva models through 

the use of deep learning surrogates: 

• Training a deep learning model with synthetic data generated by 

the Minerva models

• Applicable to any Minerva model for fast inference (≈ 100 μs)

• Accelerated applications: 

• X-ray imaging spectrometers (𝑇i profiles)

• Single LoS 𝑍eff

• VMEC equilibria

• Lithium beam diagnostics at JET (𝑛e profiles)
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Deep learning surrogates within the Minerva framework 

A. Pavone, Machine learning approximation of Bayesian inference 

in nuclear fusion PhD thesis 



Bayesian modelling of plasma diagnostics within the Minerva framework:

• Consistent inferences obtained from various observation combinations

• Uncertainty quantification without losing any information

• Well-established method for developing and maintaining the applications

• Broad application spectrum: from profile inferences using multiple diagnostics to advanced 

tomographic techniques for bremsstrahlung and soft X-ray data

• Easily transferable to other devices: also employed in ITER, JET, etc.

• Fast inferences (≈ 100 μs) based on deep learning: applicable to any Minerva model
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Summary
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References

[J Svensson, S Kwak et al, to be published]

[S Kwak et al, to be published]

• List of diagnostics implemented within Minerva

• ITER diagnostics: interferometers, polarimeters, magnetics (pickups, flux loops, Rogowskis), 

XRCS, Hard X-ray, Soft X-ray, ECE, visible reference spectrometers (bremsstrahlung, H-alpha, 

synchrotron, real-time 𝑍eff, 𝑛e) [internal ITER reports]

+ Neural network fast surrogate [A. Pavone et al. 2019 Plasma Phys. Control. Fusion 61 075012]
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References

• JET diagnostics

 Interferometers (Stand alone GPT application for profiles) [Svensson J. 2011 EFDA–JET–PR(11)24 JET-EFDA]

 High-resolution TS system [Kwak S et al. 2020 Nucl. Fusion 60 046009]

 Lithium beam diagnostics [Kwak S. et al. 2017 Nucl. Fusion 57 036017] + Neural network fast surrogate [A Pavone et al 2020 PPCF 62 045019]

 ECE [S. Schmuck et al 2020 Nucl. Fusion 60 066009]

 Polarimeters [Ford O. et al. 2008 Rev. Sci. Instrum. 79 10F324]

 Magnetics (pickups, saddles, flux loops) [Svensson J. and Werner A. 2008 Plasma Phys. Control. Fusion 50 085002

 Current tomography [Svensson J. and Werner A. 2008 Plasma Phys. Control. Fusion 50 085002]

 Equilibrium [Sehyun Kwak et al 2022 Nucl. Fusion 62 126069]

 𝑍eff profiles [Svensson J., JET Internal report]

 Divertor camera [Svensson J., JET Internal report]

 Soft X-ray [Li D. et al. 2013 Rev. Sci. Instrum. 84 083506]

• For Minerva license, contact Seed eScience Research Ltd.



Thank you very much for your attention!
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