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' Background: Nanosecond repetitively pulsed discharge

Nanosecond repetitively pulsed (NRP) discharge plasma: high frequency pulses
« Exclusive capabilities (overvoltage ratio) for non-equilibrium plasma-assisted applications
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' Background: Why we prefer NRP streamer discharge

B Nanosecond repetitively pulsed streamer discharges have many advantages over
conventional medium-frequency AC and microsecond pulse driven plasma!

Rich physical and chemical

: Novel applications:
processes, but more complicated i plasma medicine
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' Background: NRP streamer discharge is “memorized”

Discharge evolutions under repetitive pulses (especially at high PRF')
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' Background: low-temperature plasma instabilities

One instability example: NRP discharge regime transition

Fundamental parameter, corona-glow-spark transition, voltage parameter dependences, “binary” operation

Corona Glow Spark
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' Background: NRP streamer instabilities uniqueness

Complicated
discharge evolution

Boundaries: open air, humidity
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' Motivations: NRP discharge instability and modulation

[OPEN ACCESS]|

10OP Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 55 (2022) 373001 (55pp)

Roadmap

The 2022 Plasma Roadmap: low
temperature plasma science and
technology

https://doi.org/10.1088/1361-6463/ac5belic

The strong interaction with surfaces can lead to self-organizing
behavior, most likely resulting from memory effects associ-
ated with surface charge patterns or streamer—streamer inter-
actions. Control of such behavior to enable homogeneous
surface treatment or exploit advantages of self-organized pat-
terns for deliberate inhomogeneous treatments remain out of
reach. This self-organization behavior and plasma instabilities
at elevated pressures lead also to challenges for plasma source
scale-up at atmospheric pressure as required for many emer-
eing applications.

[1] B Boekema et al 2016 JPD. 49 044001

1. New plasma excitation and generation
approaches

Nikolai Tarasenko' and Peter Bruggre.fnan2

! Institute of Physics, Minsk. Belarus
? University of Minnesota, Minneapolis, United States of
America

Dielectric Barrier Discharge

Repllcatlon’? {
Power suppl X

Scaled-up application
8/33
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' Experiment setup: pulse sequence resolved

Electrical and optical diagnostics: voltage/current waveforms, emission light intensity

ICCD images: temporally and pulse-sequence resolved images

Data logging method: sequence mode for pulses with extremely low duty cycle
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' Main finding: Spark discharge disappears periodically

Conventional development pattern: enhancing transition pattern and no reversion
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' Repetitive nanosecond pulse power supply

Avalanche transistor Marx circuits + Transmission line transformer (power combining)
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Periodical discharge regime transition (5 kHz)—electrical features

Light intensity (a.u.)
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' NRP discharge behaviors: needle-needle structure
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' NRP discharge behaviors: needle-needle structure(cont.)

Periodical discharge regime transition (5 kHz )—discharge channels
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' NRP discharge behaviors: needle-plane structure

Periodical discharge regime transitions in needle-plane structure (negative pulse)

B Spark regime could be sustained under much more voltage pulses

Wang DY et al. PSST. 2020 (29) 023001

e RNNE
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B Longer duration length of corona stage
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' NRP discharge behaviors: effect of O, concentration

Effect of O, addition on discharge regime transition (negative puise)
B Macroscopic changes: higher breakdown voltage, higher propagation velocity, branching features

B Microscopic mechanisms: electron attachment, photo-ionization, heating efficiency

B For discharge regime transition: longer spark regime, periodical transitions still exist
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Existences of periodical transitions
B Short gap: only spark once ignited

B Long gap: only corona without spark

B Moderate gap and PRF: periodical transition
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' NRP discharge behaviors: parameter dependences
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' Periodical discharge regime transition mechanisms (1/3)

Plasma-source coupling
B Thevenin's equivalent circuit + Equivalent operation point (EOP)

B Movement of EOP during the discharge regime transition (“memory effect”)
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Plasma-source coupling (cont.)
B Multiple feedback mechanisms

B Effect of residual conductivity

{ initial residual electron density (3-2) |

B Average deposited energy per unit distance

Power transfer

N Region 1:

Zplasma<Zsource
P max

! 3
Zpjasma (3-2) 1
b

Region 2: p
Zplasma>Zsource

power transfer (3-2) 1

$

deposited energy (3-2) 1

! &

Ve

Zsource

¥

gas temperature (3-2) 1

~N

¥

' Periodical discharge regime transition mechanisms (2/3)

Feedback mechanism (among successive spark events)

{ reduced
field (4-3
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Zhao Z et al 2022 PSST 31 045005
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' Periodical discharge regime transition mechanisms (3/3)

Simple modelling with ZDPlasKin Stability indicator based on enthalpy balance
(a) -
2 T o)
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. More instability mechanisms are required to be revealed!

r Q1.Applicability of discharge mechanisms

|
1
1 Whether this peculiar transition pattern could only occur under the specific TLT pulser or is prevalent under other :
1
|

: pulsers (commercially available FID pulser)?

|
1
The enhanced residual charge transport and the heat removal would inevitably affect the discharge regime and :
transitions. !

|
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03 Discharge instability affected by gas flow
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Deposited energy per

' Comparisons of discharge regimes under two pulsers

Home-made Commercially (a) General evolution tendency of periodical discharge regime transition O .|
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. Effects of the gas flow: 1. gas flow rate

Periodical discharge regime transition

}
Hybrid pattern

|

Successive corona pattern

(a) Transition parameters v.s. gas flow rate
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' Effects of the gas flow: 2. gas flow direction

Abnormal channel bending preference: the spark prefers to bend upstream prior to the

its quench rather than downstream where high-density residuals are present.
(a) PRF: 5 kHz, airflow from the left (b) PRF: 2 kHz, airflow from the left (c) PRF: 2 kHz, airflow from the right

P o~ Ve

< a7 < —~ < . o~

i’ T T - N
8= 0 ’ 0.4@03: 0 A N04 S <04 3
- § ) . ; —~ 5 | ? i | bl o § \/.x\ ¢ ”/ ;
% =5 03 2% £ -5 03 22 D A W -
i 2| 7 4 D 2N AN B 2T Z
~ Q e 0.4 K 0 2 = = ) L _E (: R O (é) 04 ’: 0 2 g
O o _]10F =R (e : O o - 2 047 i 0.2 = O o 50. ~ : 5
B0 203t o = -10 QL . EeE &g \ L en =03 —
S .9 E 02} = C%D 9 E 0.3t ’?"'fw.'.\.*"g 11 E < 9 = 0.2 \" o
= B YT 201} 10.1 = & 8 - /::0'2 " 181 “H = 5 0.1 10.1 -2
© 3 -15¢ /.2’30'0 L = © 5 -15¢ A a0 ! = ° = 2.0 =
> —g = /560 180 200 220 | 0.0 &b > S L~ [ _10.060 S0 100120140 | () ) =0 > "g NS 4—1 60 80 100120140 | 0.0 21)

S .20 Pulse sequence number - g 20 Pulse sequence number | V- " S 00l Pulse sequence number 3

O 0 10 20 30 40 O 0 10 20 30 40 % 0 10 20 30 40

Time (ns) Time (ns) Time (ns)

airflow ' ' airflow
_> <_
_> ‘_

Abnormal channel bending preference

0

25/33



' Effects of the gas flow: 2. gas flow direction (cont.)

(a) Airflow from left to right
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' Effects of the gas flow: 2. gas flow direction (cont.)

Streamer channel already bends before the spark quench: double frame feature (DIF)

(a) PRF: 5 kHz, prior to spark formation and spark quench (b) PRF: 5 kHz, at the middle of spark stage
—
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' Streamer dynamics before NRP spark quench

ne (TYW.__ f Question1: why would the spark channel abnormally
R total
=ad (T -1
d o ) bend upstream rather downstream?
- : : L
(a) Evolutions of gas temperature during the spark Higher concentrations of residual negative ions at the upstream
5 800 side
g L -V, ] . . . . .
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. Streamer dynamics before NRP spark quench (cont.)

Question2: Are residual space charges responsible for the following streamer detour?
3D simulations of streamer propagation with different plasma patches
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(c) Off-axis neutral localized plasma patch: n,=n,=10 cm”
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B Neutral localized plasma patch may be not responsible

for the streamer “detour (still questionable!) 20/33



. Outline

01) Background
02) Discharge instability coupled with pulsed power supply
03) Discharge instability affected by gas flow

04, Concluding remarks



' Concluding remarks

B Discharge instabilities exist in ~15 ns NRP streamer discharge, although
discharge stochastics have been greatly weakened by residuals.

B Two fundamental discharge instability mechanisms: residual charge
transport/energy relaxation (plasma modulation and scale-up).

B Evolutions of residual charges and strong coupling with pulsed power
supply are important for NRP streamer instability development.
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