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Data preprocessing
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Juice database - OP1.2b experimental campaign

• Standard (EJM)

• High iota (FTM)

• High mirror (KKM)

AEI port

AEP port

AEI port

𝑝𝑛 [10−6 𝑚𝑏𝑎𝑟]

• 𝑛𝑒  1019 𝑚−2

• 𝑃ℎ𝑒𝑎𝑡 𝑀𝑊
• 𝑃𝑟𝑎𝑑  𝑀𝑊
• 𝐼𝑐𝑐  [𝑘𝐴]
• 𝐼𝑡𝑜𝑟  [𝑘𝐴]
• 𝑇𝑐  [𝑘𝑒𝑉]
• 𝑇𝑒  [𝑘𝑒𝑉]

𝑓𝑟𝑎𝑑 ∈ (0, 0.8)

❑ Electron Cyclotron Resonance Heating
❑ Without:

o neutral beam injection
o pellet and impurity injection



Data preprocessing
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Pearson Correlation (𝒓𝒙,𝒚) (upper triangle)

Scatterplots (lower triangle)

Histograms (diagonal)

▪ Qualitative assessment

▪ Guide to the eye

▪ Quantitative assessment

▪ Measure of linear dependence

+1 perfect positive linear correlation

  0 no linear correlation

-1 perfect negative linear correlation

𝒓𝒙,𝒚

Standard (EJM)



Data preprocessing
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High iota (FTM) High mirror (KKM)



Data preprocessing
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High iota (FTM) High mirror (KKM)Standard (EJM)

Proportional Inversely proportional

𝑛𝑒 𝐼𝑡𝑜𝑟

𝑃ℎ𝑒𝑎𝑡 𝑇𝑐  

𝑃𝑟𝑎𝑑 𝑇𝑒  

➢ 𝐼𝑐𝑐 increases with 𝑝𝑛 
(not easily observed)

➢ 𝐼𝑐𝑐  = 0 ➢ 𝐼𝑐𝑐  = 0

𝒓𝒏𝒆,𝒑𝒏
= 0.91 𝒓𝒏𝒆,𝒑𝒏

= 0.93𝒓𝒏𝒆,𝒑𝒏
= 0.79

Almost linear scaling between the sub-divertor neutral number 
density and the line integrated electron density

[U. Wenzel et al 2024 Nucl. Fusion 64 034002]

𝒇𝒓𝒂𝒅

0 10.8

Change of the effect of the plasma parameters 
on 𝑝𝑛
[V. Haak et al 2023 Plasma Phys. Control. Fusion 65 055024]

1 2 3

[D. Angelis et al 2025 Plasma Phys. Control. Fusion 67 075004]

𝒇𝒓𝒂𝒅 
clusters

Standard

High iota

High mirror

(0, 0.25) (0.25, 0.50) (0.50, 0.80)

(0, 0.30) (0.30, 0.50) (0.50, 0.80)

(0, 0.30) (0.30, 0.50) (0.50, 0.80)

Clustering



Machine learning models
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Extra trees Symbolic regression

• Directly uses the data to make predictions
• Black box
• Captures complex interconnections

• Uses mathematical operators to form 
functions

• Transparent
• Can reveal underlying governing laws

▪ 𝑛𝑒

▪ 𝑃ℎ𝑒𝑎𝑡

▪ 𝑃𝑟𝑎𝑑

▪ 𝐼𝑐𝑐  

▪ +

▪ √
▪ exp
▪ ÷ 

.

.

.

▪ 𝑛𝑒

▪ 𝑃ℎ𝑒𝑎𝑡

▪ 𝑃𝑟𝑎𝑑

▪ 𝐼𝑐𝑐  
.
.
.

.

.

.



Feature importance analysis
(Based on Extra Trees)
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SHapley Additive exPlanations

1. Train our model
2. Test how predictions change when a feature (e.g., 𝑛𝑒) is 

included or excluded
3. Repeat for many combinations of features
4. Average the results to get the feature importance



Extra Trees Results
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All Parameters Important Parameters



Symbolic Expressions
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Standard - AEI High iota AEP
High mirror AEI

[D. Angelis et al 2025 Plasma Phys. Control. Fusion 67 075004]

[D. Angelis et al 2025 Plasma Phys. Control. 
Fusion 67 075004]



Standard Configuration – AEI Port - 𝒑𝒏 𝒗𝒔 𝒏𝒆 and 𝑷𝒉𝒆𝒂𝒕
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• Extra trees predictions are very accurate

• Both symbolic expressions capture the average 
trend of data

• The two-parameter expression proposes a 
sharper increase of 𝑝𝑛 at higher 𝑛𝑒 and 𝑃ℎ𝑒𝑎𝑡 
values

• The three-parameter expressions shows 
“behavior streamlines” at that region

• Statistical error remains acceptable

• May pose problems when extrapolating as the 
two expressions may exhibit different behavior



Standard Configuration 
– AEI Port 
– Relative errors
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• Majority of predictions fall within a 25% 
error range

• Extra trees

▪ Cluster 1: largest number of errors above 25%

▪ Clusters 2 and 3: predictions are very good

• Symbolic Expressions

▪ Clusters 2 and 3: three-parameter better than 
two-parameter (as expected)

▪ Cluster 1: two-parameter more accurate 
predictions within the 25% threshold, but this is 
reversed for errors >25%

▪ 𝐼𝑐𝑐  is needed more in clusters 2 and 3         
(𝑓𝑟𝑎𝑑 > 0.25)

▪ Three-parameter better addresses the error 
region > 50% 

• Most errors are at low pressures
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• Extra trees predictions are very 
accurate

• 𝐼𝑐𝑐 = [1,2]: three-parameter better 
than two-parameter (as expected)

• 𝐼𝑐𝑐 = [0]: more comparable but still, 
three-parameter is better

▪ Attributed to 𝛼3 (𝑃ℎ𝑒𝑎𝑡 correction)

▪ Both expressions show deviations 
at small and large 𝑛𝑒 values

o Attributed to data 
distribution

Standard Configuration 
– AEI Port 
– Contour relative error plots



Concluding remarks
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❑ Data-driven approaches to model neutral pressure for partially attached conditions (0 < 𝑓𝑟𝑎𝑑 < 0.8)

➢ Cluster data to better approach the changing 𝑓𝑟𝑎𝑑 behavior (from attached to detached)

➢ Preprocessing analysis to acquire data information about [𝑝𝑛, 𝑛𝑒 , 𝑃ℎ𝑒𝑎𝑡, 𝑃𝑟𝑎𝑑 , 𝐼𝑐𝑐, 𝐼𝑡𝑜𝑟 , 𝑇𝑐 , 𝑇𝑒]

➢ Use Extra Trees to directly predict 𝑝𝑛

➢ Find symbolic expressions to correlate 𝑝𝑛 with other parameters

❑ Employ a feature importance analysis to identify key extra trees parameters

➢ Standard: [𝑛𝑒 , 𝑃ℎ𝑒𝑎𝑡, 𝑃𝑟𝑎𝑑 , 𝐼𝑐𝑐]

➢ High iota and high mirror: [𝑛𝑒 , 𝑃ℎ𝑒𝑎𝑡, 𝑃𝑟𝑎𝑑]

➢ Negligible accuracy loss by omitting the rest parameters

❑ Symbolic expressions

➢ Standard: 𝑝𝑛 =  𝑎1 𝑛𝑒
𝑎2  × (𝑃ℎ𝑒𝑎𝑡 + 𝑎3)𝑎4 × (𝐼𝑐𝑐 + 𝑎5)𝑎6

o 𝑎𝑖 , 𝑖 = 1, … , 6 optimized to the specific cluster

➢ High iota and high mirror: 𝑝𝑛 =  𝑎1 𝑛𝑒
𝑎2  × 𝑃ℎ𝑒𝑎𝑡

𝑎3



Concluding remarks
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❑ Majority of predictions fall within a 25% relative error threshold

➢ Most deviations at low pressures

➢ Expression parameters are influenced by where the data is most concentrated.

❑ Interpolation vs extrapolation

➢ Two parameter expression exhibit a more constant behavior pattern

o No significant statistical error

o May pose problems on extrapolation

➢ Three parameter expression shows behavior streamlines

o Enhanced extrapolation potential, provided the underlying physical laws are sufficiently captured

➢ Extra trees predictions are almost perfect

o Black box model – may struggle on unseen values

o More suitable for interpolation



Future work
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❑ Employment of corresponding data of the OP2.2 and OP2.3 experimental campaigns

➢ Require further post-processing before being used

➢ Better tune the ML models under different experimental conditions 
(e.g., calibrate expression parameters)
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