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Microwave Breakdown and plasma dynamics

◼ Breakdown occurs if production of charged particles > losses
◼ Ionization > attachment + diffusion + recombination 

◼ Breakdown field:  DC → Edc  VS  MW → Eeff
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From existing Literature → Experimental observations of HPM breakdown at high Pressures 
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Modeling and Simulation of HPM breakdown at high pressures

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. 

Maxwell-Plasma Fluid-based model
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◼ Single streamer simulation schematic

dt = 8.88 × 10−15s
ΔT= 9.09 x 10−12s

𝑁𝜆 = 512

∆𝑥 = ∆𝑦 = 5.32 × 10−6 m

Uniform fine mesh 

2D Modeling of Microwave Streamers at Atmospheric Pressure.

Simulation of a benchmark problem : Setup
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2-D Numerical Modeling of Plasma dynamics in HPM

Simulation results of a benchmark problem

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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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,

Current Techniques

Computational cost Associated with the Problem

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 Hybrid Approach

Hybrid Model Workflow
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Key steps involved:

1. Data generation and transformation.

2. Data split into Training and Testing

3. Train the Model (DL Architecture)

4. Prediction and Evaluation

DL-based simulation of microwave–plasma interaction 

Our proposed DL-based EM Solver
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Figure: Initial Gaussian Profile

Data Generation Details:

❑ Setup for Simulation 
❑ Initial Electric Field (𝐸0) = 2.6, 2.7, 2.8, 2.9, and 3.0 MV/m.
❑ Frequency = 110 GHz
❑ Rectangular Grid at 760 torr pressure,

0.5 λ x 1 λ = 256 x 512
❑ Plasma Gaussian Profile

❑ Breaking the Simulation: A total of Total 4000 samples per 𝐸0 are collected.

❑ Threshold Density = 1.0 x 1021 𝑚−3

❑ Only pair of Density and ERMS are consider for which, Max Density ≥ Threshold Density.
❑ Data size after Filtering = 16,256

Data Generation and Training Specifics

Fluid Model-Based Data Generation – Five Simulations with different E-fields
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Fluid Model-Based Data Generation

DL-based simulation of microwave–plasma interaction 

Sample ERMS and Plasma Density pair Data

Train-Valid-Test Data Split

Total Data Size
16256

Training Data Size
11384

Validation Data Size
2446

Test Data Size
2426



Group in Computational Science and HPC, DA-IICT, Indiawww.daiict.ac.in 11 | 19 November 2024

Deep-learning Architecture

❑ Network uses CNN-based 

UNet with encoder-decoder-like 

structure with ViT Block & skip 

connections [5].

❑I/P and O/P to the network are 

single-channelled, grayscaled 

normalized images of plasma 

density and Erms, respectively.

❑The DL architecture is referred 
from a customized loss function 
is developed for maintaining the 
smoothness of the Predicted 
𝐸𝑟𝑚𝑠 image.

Model Architecture And Model Training

[5]. Mandikal, Ajeya, and Bhaskar Chaudhury. "Comparison of   

Deep Learning based approaches for Simulation of 

Microwave-Plasma interaction." Bulletin of the American 

Physical Society (2024).

(a) Proposed Hybrid CNN-VIT architecture, (b) VIT Module, (c) Encoding Blocks used in VIT Module
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Custom Loss Functions & Metrics Used

Custom Loss Function

Custom Loss Function (LF) is 
defined by combining 

Smoothness Loss (SL) and 
Mean Square Error (MSE)

Metrics Used For Model Evaluation

Average 
Percentage Error

Model Architecture And Model Training

SSIM Metrics
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Last Epoch Important Metrics:
• Training SSIM= 0.9996, Validation SSIM = 0.9996
• Train APE= 2.04,  Validation APE = 2.06

Model Evaluation

Model Architecture And Model Training
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Key steps involved:

1. Creating Shared Library 

(.so) file

2. Calling C methods from 

the shared library to 

python file

Example: Consider an elec_dens 
function defined in C, which accepts a 2D 
array and an iteration number as inputs. 
The following Python code demonstrates 
how to call this function from the C file in 
python. In this example, den_py is an 
existing array with dimensions 256x512.

DL Based Hybrid Approach

Integrating DL-Based EM Solver with DE-Based Plasma Solver



Group in Computational Science and HPC, DA-IICT, Indiawww.daiict.ac.in 15 | 19 November 2024

λ

0.5 λ 0.5 λ

𝑥𝑐𝑒𝑛𝑡𝑟𝑎𝑙

Plasma Fluid Approach & Hybrid Approach Result Comparison

𝑬𝒓𝒎𝒔 Simulation Comparison
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Plasma Fluid Model DL-Based Hybrid Model

• Note: Testing of Hybrid model is done for 𝐸0 = 2.75 x 106 V/m. Which was note 
available in training of DL model.

λ
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Plasma Fluid Approach & Hybrid Approach Result Comparison

𝑬𝒓𝒎𝒔 Snapshots Comparison

• Note: Testing of Hybrid model is done for 𝐸0 = 2.75 x 106 V/m. Which was note   
 available in training of DL model.



Group in Computational Science and HPC, DA-IICT, Indiawww.daiict.ac.in 17 | 19 November 2024

0.5 λ 0.5 λ

𝑥𝑐𝑒𝑛𝑡𝑟𝑎𝑙

Plasma Fluid Approach & Hybrid Approach Result Comparison

Plasma Density Simulation Comparison
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Plasma Fluid Model DL-Based Hybrid Model

• Note: Testing of Hybrid model is done for 𝐸0 = 2.75 x 106 V/m. Which was note 
available in training of DL model.
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Plasma Fluid Approach & Hybrid Approach Result Comparison

Plasma Density Snapshot Comparison

• Note: Testing of Hybrid model is done for 𝐸0 = 2.75 x 106 V/m. Which was note available in   
                  training of DL model.
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Conclusion & Future Scope

• Proposed a hybrid model consisting of DL based EM solver and DE based Plasma Continuity 
solver which can significantly accelerate simulations of HPM breakdown.

• The model is tested on a microwave streamer breakdown problem and results obtained 
shows good match with traditional DE based method.

• Further improvements can be obtained using Physics Informed Neural Networks (PINS) or 
designing a better Custom Loss Function.
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Thank You

Kalp Pandya, Shivam Gandha and Bhaskar Chaudhury
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