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Microwave Breakdown and plasma dynamics

. Air Breakdown
microwave Volume element

E./p ~ 30 (V/cm/torr)
= Breakdown occurs if production of charged particles > losses Erms Air, atm pressure ( v, >>® )
= lonization > attachment + diffusion + recombination Eeff — > 2

\/1"‘ a /Vm Eeff <« Erms
= Breakdown field: DC = Edc VS MW - Eeff ® — microwave frequency E . .~23MV/m
V,, — momentum transfer collision E, = J2 E._~32MV/m
frequency

From existing Literature > Experimental observations of HPM breakdown at high Pressures
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Modeling and Simulation of HPM breakdown at high pressures
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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

Runtime Breakup (%)
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2D Modeling of Microwave Streamers at Atmospheric Pressure.

= Single streamer simulation schematic
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Ax = Ay =532%x 1075 m

dt = 8.88 x 10~ 155
AT=9.09 x 10~ 125
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2-D Numerical Modeling of Plasma dynamics in HPM

£ Growth of Plasma Over Time Growth of ERMS Over Time
Max value: 1.84e+21, Min value: 0.00e+00 Max value: 4.80e+06, Min value: 7.89e+04
k A A
H I max
—
Incident
plane — et A — A
HPM
— G—
y | min !
‘ 0.5A 0.5A
b 4 X

[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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Computational cost Associated with the Problem

Problem Size Grid Size(N x N)

Total_Computations(FLOP)

approximate Run_Time

1A x 1A 512 x 512
~ 2mm X 2 mm
2A X 2A 1024 x 1024
10A x 10A 5120 x 5120

~ 20 mm x 20 mm

~ g N> F, M (cx = 2)

~ k> N* F, M (¢, = 10)

~ N*F M 5 days (from simulation)

~ 22 x 5 days

~ c? x 5 days = 500 days

Currently available solutions for speedup

» 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,

» 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.

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

AT Plasma solver

Y D(2AT) = f(D(AT), E(nAt)) En—1,Dn-1 Ey,Dy

Dy = f(Dn-1,EN)

AT =
= : : >
t=0 Physical Time t =t+ NAT
Computationally efficient
| Target
Ey.4 s Dy Ey s Dy, Plasma solver Ey ., Dy
— —

t =t+ NAT

Replaced iterative EM solver (Computationally expensive) with
Data Driven Solver
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DL-based simulation of microwave—plasma interaction

Compare Loss

. FDTDEq, e Daa |
Data (Y) (F(X; 8)) Key steps involved:

1. Data generation and transformation.

2. Data split into Training and Testing

¥ 3. Train the Model (DL Architecture)

Normalized | =770 00 0000
Normalize Erms Matrix |- Rescale

4. Prediction and Evaluation

Y

Proposed Neural

Normalized Normalized

Density Matrix predicted
E/ms Matrix
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Data Generation and Training Specifics

Data Generation Details:

Q Setup for Simulation Electric Field 1 Electric Field 2

O Initial Electric Field (E) = 2.6, 2.7, 2.8, 2.9, and 3.0 MV/m. |

U Frequency = 110 GHz ) B

L Rectangular Grid at 760 torr pressure,
05Ax1A=256x512 | -

O Plasma Gaussian Profile X central - e .————» Plasma

ne(x,y) = noexp(—({x — x0}?/02 + {y — yo}?/o2)) Density

U Breaking the Simulation: A total of Total 4000 samples per E, are collected.

B

v

3 Threshold Density = 1.0 x 10?1 m™3 y central
L Only pair of Density and ERMS are consider for which, Max Density > Threshold Density.
 Data size after Filtering = 16,256

Figure: Initial Gaussian Profile
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DL-based simulation of microwave—plasma interaction

Sample ERMS and Plasma Density pair Data

Max Density
Value ( x 21 m=)

2.11 5.16 7.25 7.90
Plasma

Density

" | I' I'.‘I I

Max E;s
Value ( x ef Vim)

5.10 6.74 5.71 5.42

I max

Train-Valid-Test Data Split

Total Data Size
16256

Training Data Size
11384

Test Data Size
2426

\

y

Validation Data Size
2446
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Model Architecture And Model Training

s VIT Encoding
Input Block
= o=, - |
U-net Encoder | U-net Decoder i VIT MOdEI D Network useS CNN based
—— ayer Norm UNet with encoder-decoder-like
(122,258, ) 1-!_-) — " (128,258.3) structure with ViT Block & Sklp
(omz )| ﬁ ‘ [Llnear prmechon] Multi Head connections [5].
MaxPool 2 | ranspase 5 J Attention
o Mesizileies| | 1/P and O/P to the network are
- . ; : ¥ : .
(ooms ]| | SwCemsen | = . [ Encoding Block | single-channelled, grayscaled
[ MaxPool 3 Transpose 4 : : -
pa=x — (€ g 3 normalized images of plasma
i o | el % density and Erms, respectively.
Conv 4 Conv 1 : . .
D _ g (n=8) QThe DL architecture is referred
e | ) | (e i G dﬁ' Biock | from a customized loss function
Coms ]| | PO o) : ncoding Bloc : .
[iwrl? | Tarese TR is developed for maintaining the
— _ ¥ .
(2. 18, 128) E gf_ipﬂg;;:.imn + {8 18, 128) RBS@ smoothness of the Predicted
e =N E, ., image.
- — ¥ l [5]. Mandikal, Ajeya, and Bhaskar Chaudhury. "Comparison of
5= B Qutput Output Deep Learning based approaches for Simulation of
S4ip Gonneeton Microwave-Plasma interaction." Bulletin of the American
Physical Society (2024).
ViT Model (b) (c)
14, 8, 258)

(a) (a) Proposed Hybrid CNN-VIT architecture, (b) VIT Module, (c) Encoding Blocks used in VIT Module
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Model Architecture And Model Training

Custom Loss Function

MSE = - Ly 'y (y,-j _ }“fu)? (1)
zlly i=1 =1
Custom Loss Function (LF) is SL= 2; l(lﬂ'_:‘ — Yig n) + (}’;_i — Y m) }
defined by combining (2)
Smoothness Loss (SL) and LF = A x MSE + (1 — A) x SL (3)
Mean Square Error (MSE) Wheee:

s 71, X n, denotes the dimensions of the image.

« Y;; represents the actual value at pixel (i, j).

. Y j represents the predicted value at pixel (i, j).

« A 1s the weighting parameter, set to 0.5 in this
case.

Metrics Used For Model Evaluation

Average
Percentage Error
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Model Architecture And Model Training

Average Percent Error over Epochs

ém \
5 \—“--._,
Last Epoch Important Metrics:
* Training SSIM= 0.9996, Validation SSIM = 0.9996
—wetn| o Train APE= 2.04, Validation APE = 2.06

T T T T T
0 20 40 60 80 100
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DL Based Hybrid Approach

O O,

Creating shared Calling C methods
C file with library file from shared library Python file

. Shared Library _
consisting :> (.so file) :> accessing C C_Method 2

useful methods from C file to python file methods

Method 3 m
N

import subprocess
import ctypes

i

Key steps involved: Example: Consider an elec_dens import mumpy as oo
function defined in C, which accepts a 2D den_py = rp.zeros((236, 512))
1. Creating Shared Library array and an iteration number as inputs. gt = os-gerendl
- . # Creating shared 1library(.so fila)
(.so) file The following Python code demonstrates ‘ _from C file ’ -
. . . . . subprocess.call _'gcc','—f a¥e Yo ;TQ;’ i
2. Calling C methods from  how to call this function from the C file in L e SRl o
the Shared Iibrary to pythOn. In thiS example, den_py iS an # Calling shared library in python file
= . . . . . dynamically with CDLL method
python file existing array with dimensions 256x512. faca = ctypes.CDLL(0s.path. Join (path, -
# Calling elec_dens() method of
C file from python.
elec dens = fdtd.elec dens
elec_dens.argtypes = [ndpointer(dtype =

np.floated, ndim=2, flags="C"),
ctypes.c_int]
elec_dens (den_py, itr)
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Plasma Fluid Approach & Hybrid Approach Result Comparison

£ Plasma Fluid Model DL-Based Hybrid Model
Max value: 4.80e+06, Min value: 7.89e+04 Max value: 4.70e+06, Min value: 7.67e+04
k A A
H I max
| cen
A i 1 X

y | min I

| 0.5A 05A
r4 X  Note: Testing of Hybrid model is done for E, = 2.75 x 10° V/m. Which was note

available in training of DL model.
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Plasma Fluid Approach & Hybrid Approach Result Comparison

Physical Time
9 9.09 10.91 12.72 14.55 16.36 18.18
(xe™s) Max

Actual .
Erms v
Framework
rms

 Note: Testing of Hybrid model is done for E, = 2.75 x 10° V/m. Which was note Min
available in training of DL model.

«

(
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Plasma Fluid Approach & Hybrid Approach Result Comparison

Plasma Fluid Model DL-Based Hybrid Model

Max value: 1.84e+21, Min value: 0.00e+00 Max value: 1.86e+21, Min value: 0.00e+00
k A A
H

min

v

| 0.5A 0.5A
r4 X  Note: Testing of Hybrid model is done for E, = 2.75 x 10° V/m. Which was note
available in training of DL model.

%y www.daiict.ac.in Group in Computational Science and HPC, DA-IICT, India 17 | 19 November 2024



Plasma Fluid Approach & Hybrid Approach Result Comparison

Physical Time
9 9.09 10.91 12.72 14.55 16.36 18.18
(xe™s)
x1073 Plasma Filament Length
1.0
—— Fluid Model
Fluid 0.9 Hybrid DL Based Model
Model —_
£ 0.8
=
2 0.7
v
|
= 0.6
=
£
. 0.51
Hybrid DL = "
[¥5S
Based 0.4 7
Model '
0.31
1.0 1.2 1.4 1.6 1.8
Time (s) x10~8

Min HEEEERT T Max

 Note: Testing of Hybrid model is done for E, = 2.75 x 10° 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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