


Fig. 4-14. Breakdown images of plasma jet with varying amplitude for 200 ns pulses at 1 Hz with He flow 70

SCCM with (a) 7 kV, (b) 8 kV, (c) 9 kV and (d) 10 kV.

With varying repetition rate, breakdown probability increased with repetition rate (Fig. 4-15).
The breakdown probability reached 100% when the repetition rate is higher than 100 Hz (studied
range from 1 Hz to 5000 Hz). As seen from Fig. 4-16, the correspondent sample images shows

that higher repetition rate would result in shorter plasma plume.

Fig. 4-15. Breakdown probability of air corona with repetition rate (1 — 1000 Hz) at 7 kV, 200 ns pulses.
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Fig. 4-16. Breakdown images of plasma jet with repetition rate at 7 kV, 200 ns pulses (a) 1 Hz, (b) 10 Hz, (c) 100

Hz, (d) 1000 Hz and (e) 5000 Hz.

As shown in Fig. 4-17, breakdown probability increased with pulse width from 200 ns to 5000
ns. The breakdown probability sharply increased with pulse width as 70% breakdown probability
at 200 ns and 97% probability at 600 ns. By examining the sample images (Fig. 4-18), it seems
there is no appreciable difference among different pulse widths under the investigated range.
Compared with the corona discharge, the breakdown probability rose more rapidly with plasma jet

in helium than with corona in air.
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Fig. 4-17. Breakdown probability of plasma jet with pulse width (200 — 1000 ns) at 7 kV, 1 Hz with 200 ns to 1000

ns.

Fig. 4-18. Breakdown images of plasma jet with pulse width at 7 kV, 1 Hz with (a) 200 ns, (b)1000 ns and (c) 5000

ns.

He flow rate is an important operating parameter in plasma jet. As shown in Fig. 4-19, results
clearly shown that the breakdown probability decreased with flow rate in the range from 35 SCCM
to 200 SCCM (i.e. 35, 70, 100, 150 and 200 SCCM) which are laminar flows. At He flow of 35
SCCM, the breakdown probability is about 85% which decreased down to 40% at flow rate of 200
SCCM. The sample images shown in Fig. 4-20 indicates that higher flow rate result in longer and
brighter plume.

In summary, breakdown probabilities with various operating conditions has been investigated
in He plasma jet. Results shown that higher amplitude, longer pulse width, and higher repetition
rate could result in higher breakdown probability under the investigated conditions, while higher
flow rate decreases breakdown probability from 35 SCCM to 200 SCCM. From the perspective of

the single shot images, with higher amplitude, higher breakdown associated with longer plasma
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plume. However, trends were negatively correlated for both pulse repetition rate and He flow, i.e.

higher breakdown probability associated with shorter plume.
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Fig. 4-19. Breakdown probability of plasma jet at 7 kV, 200 ns at 1 Hz with He flow rate from 35 SCCM to 200

SCCM.

Fig. 4-20. Breakdown images of plasma jet at 7 kV, 200 ns pulses at 1 Hz with varying flow rate (a) 35 SCCM, (b)

70 SCCM, (c) 100 SCCM, (d) 150 SCCM and (e) 200 SCCM.
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CHAPTER 5

CONCLUSIONS

A single-needle electrode driven by pulsed power supply with flow helium is investigated via
electrical measurement and optical emission spectroscopy. Reactive species are essentially the key
to understand APNPJs. They are closely related to potential applications of such discharge,
especially on biomedical applications. Rich reactive nitrogen and oxygen species can be generated
in our APNPJ. Short pulse rise time allows more reactive species to be generated in plasma plume
and favor the generation of energetic electrons hence dominating the reaction pathways through
direct electron impact reactions. When the plasma jet impinged onto a water surface, reactive
species as well as the electrical characteristics of a plasma jet is greatly enhanced compared with
the free jet. Effect of pulse width on OH(A-X) emissions indicate that the majority of OH

intensities are produced during the rising phase of a voltage pulse.

Development of ‘guided streamer’ is important in application-wise. Operation parameters
eventually result in different application effects, hence it is of great importance to study the effect
of these parameters on ‘guided streamer’. It is found that increasing both voltage amplitude and
He flow rate (in laminar flow region) will result in similar effect which produce longer and stronger
plumes. Pulse width and repetition rate also show resemble effect on development of plasma
plumes, that is, long pulse tends to have similar effect on plume as higher repetition rate which

both could favor the earlier inception but lower the electric field.

The configuration of single-electrode not only can produce APNPJs with flowing of He flow

but also corona discharges without gas. Memory effect generated from previous pulses favored the
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breakdown probability of the next pulse. This effect seems much stronger and lasts much longer
than one would expect. Seed electrons provided by memory effect allow the next pulse to retain a
breakdown probability which highly depend on the level of seed electrons. If the memory effect is
strong (i.e. higher seed electrons), the breakdown probability can retain in a high level. The retain
ability is of great importance in atmospheric pulsed plasmas. Increasing pulse amplitude and pulse
width increased breakdown probability for both corona discharge and APNPJ. Pulse repetition rate

for both discharges enhanced the breakdown probability when PRR is below 5 kHz.
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APPENDIX A

VOLTAGE AND CURRENT MEASUREMENTS

1. HIGH VOLTAGE PROBE (P6015A)

The high voltage probe P6015A is designed to take accurate voltage measurements between
1.5kV and 20 kV (DC + peak AC), up to 40 kV peak for pulses (see the manual for details). It has
a 100 MQ resistance, 3.0 pF capacitance with 1000x attenuation. It should connect to oscilloscope
with input resistance of 1 MQ with an input capacitance of 7 pF to 49 pF [80].

A few cautions when take measurements with P6015A [80]:

1. Do not place the probe tip near the conductive surface which changes the input capacitance
of the probe resulting the change of the probe compensation, hence causing the voltage pulse
overshoot or undershoot regarding its true pulse amplitude.

2. Do not allow the conductor, to which the probe is attached to pass along the side of the
probe body which will induce capacitance of the probe, causing the inaccurate measurements.
Keep the probe perpendicular to the attached conductor.

3. Do not modify the probe tip or ground leads. At high frequency, a slightly longer wire or
sharp edges will result in significant impedance change and introduce extra inductance which will

result in ringing and signal distortion.

2. CURRENT MEASUREMENTS (PEARSON 6585 AND 2877)
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Model 6585 has maximum peak current 500 A with usable rise time 1.5 ns. Model 2877 (Ipeax
=100 A and trise= 2 nS). The current measurements, especially when the measured current is small
and comparable to noise, become critically important.

To measure current accurately, we need to understand where the noise come from. Any signals
that mixed with the desired signals are noises. Electromagnetic interference (EMI), Radio
frequency interference (RFI) and cross talk are three common source for noise. Here | only
consider the main noises come from our plasma system.

1. Fast rising pulse currents: the fast pulses may produce current ringing due to high frequency

current flowing on the outside of cable shield. These noise can be suppressed by increasing the

inductance of the shield through threading the cable into several ferrites (as shown in Fig. Al).

M

Fig. Al. Coaxial cable through two ferrites (left) and Coaxial cable through a ferrite clamp (right) [80].

(b) 401
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Fig. A2. (a) Experimental setup for current measurement at 8 kV, 200 ns pulse at 1 kHz with He flow rate at 164
SCCM and (b) currents measured from plasma jets using Pearson 6585 with (black solid line) and without (red solid
line) two ferrite clamps.

The currents measured in our system with and without ferrite clamp are dramatically different
(shown in Fig. A2 (b)). Here the inductance of the coaxial shield increased by wrapping two ferrite
clamps along the cable which suppressed the noise a lot.

2. Ground loop: ground loop occurs when more than one ground connection path between
two pieces of equipment, especially when there are potential difference in these different ground
wires causing currents flowing which further modify the interconnect currents. The loop in our

system can be describe as in Fig. A3.

(b) Coaxial
cable
(a) His — ~—
|l Pulsed
Power .
I'% Supply. Coaxial
= “Optical table]ground cable
urrent Monitor Ground
: wire
Osci
=
= Plug ground _

Fig. A3. (a) Experimental setup for current measurement (black line is ground wire, red is the center core) and (b)
the equivalent circuit of (a).

The transmission line of the power supply is grounded to the optical table which forms one
ground loop, while the coaxial cable from the current monitor formed another ground loop. The
shield of the transmission line has strong current flow which is higher than shield of the coaxial
cable for current monitor, eventually this current difference resulted in modified signal displayed
on the oscilloscope. To eliminate this noise, one can ground the threaded mounting hole in the
current monitor. A sample result is shown in Fig. A4 which compared the currents with and without

grounded to the transmission line shield.
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Fig. A4. Current measured using Pearson 6585 as in Fig. 3(a) with (black solid line) and without (red solid line)
connecting to the transmission line shield.

3. Poor quality coaxial cable: the shield (usually braid) of the coaxial cable is quite important
when dealing with high frequency signal since bad shield could allow high frequency signal to
seep in or leak out. Imagine that a high frequency noise travel along the outer side of the shield
which could easily affect the desired signal if the quality of the cable is poor (particularly the
shield of the coaxial cable). Below (Fig. A5) showed the RG 58/U with shield coverage 70%
and RG 58 C/U with 95% coverage. The measured currents with the two coaxial cable are

compared and shown in Fig. A6.

AWG INSULATION SHIELD NOMINAL NOMINAL VELOCITY OF | NOMINAL NOMINAL
CATALOG SIZE MATERIAL COVERAGE 0.D. CAPACITANCE |pROPAGATION,|IMPEDANCE,| ATTENUATION
NUMBER NOM.DCR |INCHES| mm | NOMSHLD DCR [INCHES| mm | pF/ft | pF/m % o MHz [dB/100°
C1117 20 Ga. . 70% Tinned 28.50 | 93.51 66 53 1| 040
RG 58/U Type Solid Bare Solla PE Copper Braid Black PVC 0| 120
Copper [ 9116 | 295 6.0 /Mt 0195 | 495 '
; . . : : 100 | 4.20
[ (et 12 i 200 | 6.00
500 | 10.17
1000 | 16.50
C1155 20 Ga. Solid PE 95%Tinned  [Non-Contaminating| 30.80 | 101.05 66 50 1| 042
RG 58 C/U Type (19/.0071) Copper Braid Black PVC ;g g.?g
P 0, ;
MIL-C-17G Type &mﬂ 016 | 205 | POMU olos T aes 100 | 540
10.8 oMt 200 | 8.10
[~(rnzed : : 500 | 1386
1000 | 22.80

Fig. A5. Comparison of coaxial cable RG 58/U and 58 C/U with specifications [81].
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Fig. A6. Currents measured using Pearson 6585 with coaxial cable RG 58/U (black solid line) and 58 C/U (red solid
line).

4. Other sources of noise: there are a lot of other noises depending on setup of one’s experiments.

The important thing is to identify sources of noise.
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APPENDIX B

PERMISSIONS FROM THE COPYRIGHT
HOLDER

1. Reuse of IEEE graphics published in IEEE publications
IEEE permission: ‘Reusing IEEE graphics previously published in IEEE publications. You

will need to request permission directly from IEEEXplore. In mose cases, the only requirements
will be to give full credit to the original source and to obtain the author’s approval (as a courtesy
to the author). At the end of the caption, add the reference number of the articles from which the

graphics are being used’ [79].

2. Reuse publications from Japanese Journal of Applied Physics

As an original author of "Effects of pulse width on He plasma iets in contact with water evaluated bv OH[A-X) emissien and OHaa production” and "lgnition and dvnamics of
nanosecond pulsed helium streamers over a water electrode" you have the right to reuse any original figures, tables or parts of your own articles, as applicable, provided:

* The current Author Rights Policy is followed: https://publishingsupport.iopscience.iop.org/current-policy-author-rights-policy-for-subscription-articles-for-which-the-

copyright-form-was-submitted-on-or-after-26-april-2016/

* The article(s) are cited as reference

* The copyright line including year of publication is added to the reproduced content (at the end of the figure captions): Copyright (year of publication) The Japan Society of
Applied Physics

This does not apply to any material/figure which is credited to another source in the publication or has been obtained from a third party. Express permission for such
materials/figures must be obtained from the copyright owner.
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