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From existing Literature 🡪 Experimental observations of 
HPM breakdown at high Pressures 

■ Breakdown occurs if,

production of charged particles > losses

■ Ionization > attachment + diffusion + recombination

APPLICATIONS

Plasma Generation
• Plasma Reactors
• Fusion Research

Powered Thrusters
• Electrodeless Plasma 

Thrusters

Airborne and Space 
Applications

• High-Altitude Plasma 
Generation

Directed Energy 
Applications

• EM Pulse Weapons
• Plasma Shields

Industrial Research
• Microwave Breakdown Welding

• Material Testing

Environmental Research
• Lightning Simulation

• Atmospheric Monitoring

Security and Defence
• Electronics Neutralization

• Countermeasure Development

Intense EM Field in 
Microwave Range
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Modeling and Simulation of HPM breakdown at high pressures
Maxwell-Plasma Fluid-based model

Computational Challenges

• Different time scales for 
EM-plasma interaction (EM 
Solver), plasma evolution 
(Plasma Solver) and gas 
dynamics. 

• Resolve sharp electric field 
and density gradients. 

Multiscale Multiphysics Problem

> 
99.9%
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Computational cost Associated with the Problem
Current Techniques

Currently available solutions for speedup

� Use Mesh refinement technique to 
capture the steep gradients in evaluated 
quantities in the regions of interest [3].

� Limited speedup ~ 8X.

[3]. Ghosh, Pratik, and Bhaskar Chaudhury. "Efficient Dynamic Mesh 
Refinement Technique for Simulation of HPM Breakdown-Induced Plasma 
Pattern Formation." IEEE Transactions on Plasma Science 51.1 (2022): 
66-76.

� Use parallelization techniques on 
the uniform fine grid throughout 
the computational domain by 
utilizing supercomputing facilities 
[2].

� Requires Hardware support.
[2]. Bhaskar Chaudhury, Anurag Gupta, Henil Shah, Saumya Bhadani, 
Accelerated simulation of microwave   breakdown in gases on Xeon 
Phi based cluster application to self-organized plasma pattern 
formation, Computer Physics Communications, Volume 229, 2018,

In our recent study, we proposed a Deep 
Learning based EM solver [4], which can 
accelerate the EM-solver by more than 100x.

If we can replace the conventional EM-solver 
in this coupled Maxwell-Plasma Fluid model 
by DL based solver.
▪ No major hardware support required.
▪ Potential Speedup : ~100X.

[4]. Desai, Mihir, et al. "Deep-learning architecture-based 
approach for 2-D-simulation of microwave plasma 
interaction." IEEE Transactions on Microwave Theory and 
Techniques 70.12 (2022): 5359-5368.
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DL-based simulation of microwave-plasma interaction 
Our proposed DL-based EM Solver

Key steps involved:

1. Data generation and 
transformation.

2. Model Architecture

3. Train the Model (DL 
Architecture)

4. Prediction and Evaluation
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DL-based simulation of microwave-plasma interaction 
Data Generation and Transformation.

 

 

 

Uniform fine mesh 

● Training Electric Fields: 2.50, 2.60, 2.70, 2.80, 2.90 & 3.00 MV/m
● Testing Electric Fields: 2.55, 2.65, 2.75, 2.85 & 2.95 MV/m
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Growth of Plasma Over Time Growth of ERMS Over Time
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[1]. Chaudhury, Bhaskar, et al. "Physics and modelling of microwave streamers   
      at atmospheric pressure." Journal of Applied Physics 110.11 (2011).
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DL-based simulation of microwave-plasma interaction 
Data Generation and Transformation.
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DL-based simulation of microwave-plasma interaction 
Model Architecture
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DL-based simulation of microwave-plasma interaction 
Train the Model (DL Architecture)

Key steps involved:

1. Normalization: 
Min-Max Normalization

2. DL Model: 
Fourier-Neural Operator

3. Loss Function: 
Mean-Squared Error

4. Optimization and Weight 
Updation: 
Adam Optimizer (lr: 1e-3)
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DL-based simulation of microwave-plasma interaction 
Prediction and Evaluation: DL Model Evaluation

● Hence, DL model chose for Hybrid 
Model is FNO with 16 fourier 
models and 4 depth.

● The model is trained on MSE loss 
function.
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DL-based simulation of microwave-plasma interaction 
Prediction and Evaluation: Hybrid Pipeline Evaluation



www.dau.ac.in

DL-based simulation of microwave-plasma interaction 
Prediction and Evaluation: Speedup Evaluation

• Consistent 57×–63× Speed-Up across all 
incident electric fields (E0 = 2.55-2.95 MV/m)

• Multi-hour FDTD simulations reduced to 
< 40 minutes using the hybrid FNO 
framework

• Scalable to large domains (10λ × 10λ):
 ~500 days (FDTD) → ~8 days (Hybrid)

• Maintains physical fidelity while 
drastically lowering computational cost

• Transforms infeasible long-duration 
plasma simulations into practical 
workflows
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Conclusion & Future Scope

Conclusion

• Developed a physics-guided FNO-based hybrid EM-plasma framework for 110 GHz HPM breakdown simulations

• Achieved 57×-63× computational speed-up while preserving physical fidelity (SSIM ≈ 1, low MSE & APE)

• Successfully reproduced streamer morphology, growth rate, and temporal evolution with near-perfect agreement to full FDTD solver

• Established a scalable, modular Python-C hybrid architecture enabling integration of ML surrogates into legacy plasma codes

Future Scope

• Extension to 3D domains, longer time scales, and coupled EM-plasma-gas dynamics

• Application to different gases, pressures, and microwave frequencies

• Incorporation of transfer learning for rapid adaptation across operating regimes

• Deployment for large-domain (10λ × 10λ) practical HPM system simulations
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