INVESTIGATION OF PLASMAS SUSTAINED BY HIGH REPETITION
RATE SHORT PULSES WITH APPLICATIONS TO LOW NOISE
PLASMA ANTENNAS

by
Vladlen A. Podolsky

A Dissertation

Submitted to the Faculty of Purdue University

In Partial Fulfillment of the Requirements for the degree of
Doctor of Philosophy

€ C"\)l

School of Aeronautics and Astronautics
West Lafayette, Indiana
December 2019



THE PURDUE UNIVERSITY GRADUATE SCHOOL

STATEMENT OF COMMITTEE APPROVAL

Dr. Sergey Macheret, Chair

School of Aeronautics and Astronautics

Dr. Alexey Shashurin

School of Aeronautics and Astronautics

Dr. Allen Garner

School of Nuclear Engineering

Dr. Dimitrios Peroulis

School of Electrical and Computer Engineering

Approved by:

Dr. Gregory A. Blaisdell



To my family



ACKNOWLEDGMENTS

I would first like to thank my advisor, Dr. Sergey Macheret, for his guidance and support
in my research, academic, and professional endeavors during my time at Purdue. His passion for
research and plethora of ideas always engaged and excited me throughout my Ph.D. | must also
thank Dr. Andrei Khomenko and Dr. Alexey Shashurin for sharing their experimental knowledge
and instilling in me good research practices. All the work with the plasma antenna could not have
happened without the help of Dr. Abbas Semnani. Moreover, a big thank you to Dr. Anthony Cofer
for his aid in setting up our lab during my early years at Purdue. | would also like to thank Dr.
Allen Garner for his guidance in my research and professional career.

These past four years would not have been possible without the wonderful friends I have
made at Purdue. I will always remember the good times we had at our dinners and nights out, the
times spent with the Magnificent Seven studying for quals, and the support received whenever it
was needed. You all helped keep me sane and driven.

Lastly, I would be remiss to not thank my wife Lida for the love and encouragement that
she provides every day. You are always willing to listen and remind me of the things for which |
should be grateful. Your patience with me throughout the most hectic years of my Ph.D. is truly

saintly. I will fondly and happily remember our time at Purdue together (and with Maisy).

This work was supported by the National Science Foundation under Grant No. ECCS-1619547.



TABLE OF CONTENTS

LIST OF TABLES. ...ttt e e b et e s e e e n e e anreenne e 8
LIST OF FIGURES ...ttt e e e re e 9
ABSTRACT .ttt R et anes 16
L. INTRODUCTION ..ottt e e neesnn e nee s 19
I R T Uot 2o £ o S SPSRSURORN 19
1.1.1  Plasma ANLENNEA SOUICES. .......cutrueieuirieieiisiesteteiestess ettt se st ss et sne e s e 22
1.1.2 Brief Overview of SUrface WaVES...........cccooiiiiiiiiiiisee e 24

1.2 IMIOTIVATION ..ottt bbbt b bbb et 27
2. DIAGNOSTICS OF NANOSECOND PULSED PLASMA ...t 32
2.1 General Facility DeVelOPMENT .......cc.ociiieei e 32
2.2 Voltage and Current MeasUreMENTS. ........eccveiieieeieiieeieerieseesre e e e sreetesee e e sresssesreeneeas 33
2.3 Microwave Interferometry SYSIEM .......ccoveiiiiiiieic e 35
2.4  Experiment Results and DISCUSSION .........ccviiieiierieiie st eite st nee s 38
3. KINETIC MODELING ... .ottt 45
3.1 Kinetic MOdel INtrOQUCTION.........cuiiiiieiiiieiee e 45
K72 V(o To (=] B I 1= Yo ] o] £ [0 RSSO 46
3.3 Electron ENergy EQUALION ...........coviiiiieiiece ettt 48
3.4 CONUINUILY EQUALTION ....c.oeiiiiieiic ettt ettt e e et et eennee e 52
341 RAE EQUALIONS ....ooiiiiiieitie sttt ettt et e st e et e e eanbe e e raeere e 53
3.4.2 Solving the Balance EQUAtIONS ........cueiiiiiiiiiic et 56

3.5 RESUIS @N0 DISCUSSION .....cviiiiiiiiieiiiieiteste st 57
3.5.1 Electron Temperature DECAY .......ccccoueiiuieiieiiie et eseeere e see st e e re e e nbeesaeeree s 58



3.5.2 Comparison to Experimental Data.............cccceveeiieiieiieeneee e 60

3.8 CONCIUSION ...t bbbt n b e 66
4. CONDUCTIVITY AND PERMITTIVITY IN THE PLASMA AFTERGLOW.................. 67
Ot Vo To (=] B I 1= Yo ] o] [ USSR 67
4.2 RESUILS AN DISCUSSION ....cuvviiiieiiitiiieieiest ettt nne s 68
5. COST OF IONIZATION . ...ttt ne e n e 72
5.1 INEFOGUCTION ...ttt ettt b e an e 72
5.2 EXPEriMENtal SELUP....c..iiieiiieie ettt 75
5.2.1 Determining UNCEIAINTY .......ccoeiiiiiiiieiieie et 81

5.3 RESUILS aN0 DISCUSSION ....cuvviiiiiiiitiiieiieieste ettt ene s 82
5.3. 1 RGA ANGIYSIS.....iiiiiiiciecieie ettt ettt 82
5.3.2 Voltage and Current MeaSUrEMENES ........ccveveiieiieeiieieeie e s e e seeste e sre e 82
5.3.3 Energy Deposited and Measured Change in Electron Density..........cccccccevevievirennenn. 88
5.3.4  COSt OF IONIZALION .....cveiviiiiiiiiiteee e 97

5.4 CONCIUSION ...ttt bbbttt b et 103
6. PLASMA SUSTAINED BY RF BURSTS ... 105
6.1  EXPEriMeNtal SEIUP ......cviiiiiciece sttt 105
6.2 RESUIS aNd DISCUSSION ..ottt 106
8.3 CONCIUSION ..ottt b ettt 110
7. PLASMA ANTENNA EXPERIMENTS ..o 112
0 R 0T oI N 41 (=10 - VSRR 112
7.2 MONOPOIE ANTENNA.......iiiiiiiie ettt e et e st e et e sreeabeesreeenaeas 115
7.2.1 Measuring the Reflection CoeffiCieNnt...........cccooviiiiiiiici e 115



Fluorescent Light Bulb MONOPOIE .........coveiiiieceee e e 117

Variable Pressure ANTENNA ..........cooioriiiiieiei e 119

7.2.2 DeterminiNg GaIN ......ccciiiiieeie et e et este e e e nns 125
RETErENCE ANTENNA ...t 125
Variable Pressure Plasma ANTENNA .........cceoviiiiieiniieeesesreese e 128

7.2.3 Antenna Resistance and Skin Depth AnalysiS..........cccccvveiiiieiicvieeic e 134
7.2.4 Measuring Variable Pressure ANtENNA Ne .....c.ocveiveerieeieieeiesie e e esee e e see e 139

8. FUTURE WORK ... ..ttt e s ne e snn e ne e 144
8.1 Fundamental EXPErIMENTS .........cccueiieiiiiieieeiie ettt e et sre et sae e sraesne e 144
8.2 Plasma Antenna FULUIre WOTK ..ot 146
APPENDIX A. CONDUCTIVITY AND PERMITTIVITY IN PURE ARGON ...........cceeeeee 149

APPENDIX B. ARGON IONIZATION COST VOLTAGE AND CURRENT

MEASUREMENTS ... s 154
REFERENCES ... oo 155
PUBLICATIONS ... .o 162



LIST OF TABLES

Table 2.1. Measured dissociative recombination rates and their comparison to the literature data.
....................................................................................................................................................... 42

Table 3.1. Reactions considered in this model. The reactions marked in bold font were shown to
be negligible for electron recombination at the experimental conditions [66]. ...........c.cccccevvennens 47

Table 6.1. The energy deposited, change in electron number density, and ionization cost for the
maximum absorbed power indicated. Air plasma at 2 Torr sustained by 50 MHz, 50 ps, RF bursts
APPIIEA EVETY 25 LS. ottt b et bbb 108

Table 6.2. The energy deposited, change in electron number density, and ionization cost for the
indicated burst duration. Air plasma at 2 Torr sustained by 50 MHz, RF bursts applied every 25 ps
for -6 dBm commanded power (25.1 W maximum absorbed). .........cccocveverivereniniiennesieseeniens 109

Table 6.3. The energy deposited, change in electron number density, and ionization cost for the
time between bursts. Air plasma at 2 Torr sustained by 50 MHz, 50 us RF bursts for -6 dBm
commanded power (25.1 W maximum absorbed). ..........ccceiiiiriiiiiiiriseeee e 110

Table 7.1. The slope inferred from a linear fit of the data in figure 7.27........ccccoevveiveieinenn 142



LIST OF FIGURES

Figure 1.1. Examples of commercial fluorescent light bulbs that have been used as a dipole ((a)
and (c)) and monopole (b) antenna. (a) Reprinted from [20] with the permission of AIP Publishing,
(b) reproduced from [18] courtesy of The Electromagnetics Academy, and (c) reprinted from [17],
© 2016 TEEE. ... .. oottt ettt ettt st tenreereenen 20

Figure 1.2. Samples of custom antenna structures fabricated for research purposes. (a) is a plasma
reflector antenna and (b) a loop antenna while (c) is a monopole antenna developed by [12]. (a)
reprinted from [25], © 2016 IEEE, (b) reprinted from [26], © 2007 IEEE, and (c) reprinted from
22 SRR PO PRSPPI 21

Figure 1.3. The effects of varying pressure on the plasma shape and corresponding antenna
patterns: (a) ~0.023-0.23 Torr, (b) >~0.4 Torr. All radiation patterns reprinted from [22], with the
permission of AIP Publishing, while the antenna images are reprinted from [21], with the
permission of AIP PUBIISNING. ..ot 22

Figure 1.4. Example of the surfaguide plasma generation technique. ..........cccccevivevveiciieieenns 23

Figure 1.5. Plasma antenna configurations in which a single (a) and two (b) coupling sleeves are
used. (a) Reprinted from [12], with the permission of AIP Publishing and (b) reprinted from [9],
© 2004 TEEE. ... ..ottt bbbttt bbb enes 24

Figure 1.6. The B and E field for a TM surface wave propagating in the z-direction. k || is the
surface wave vector parallel to the direction of propagation. .............cccocererininienenc s 25

Figure 1.7. Electric field profiles in and out of the plasma column. (a) © IOP Publishing.
Reproduced with permission. All rights reserved. It was reprinted from [4] where (- - -)
corresponds to |E;| and (—) corresponds to |E:|. The change in dominating electric field inside and
outside the glass is apparent. (b) © I0P Publishing. Reproduced with permission. All rights
reserved. The figure was reprinted from [36], where A corresponds to |E;| and B to |E;|. This shows
the rapid drop in |E,| away from the dielectric interface in the plasma column...............cccce....... 26

Figure 1.8. Limits of w/wp in different conditions at which surface waves cease to propagate as a
function of the wavenumber, . Here, a is the radius of the dielectric tube and f, the free space
wavenumber. The overshoot may sometimes occur due to radial inhomogeneity of ne [4]. This
figure was reprinted from [37]. © 10P Publishing. Reproduced with permission. All rights reserved.

....................................................................................................................................................... 27
Figure 1.9. Example of a nanosecond pulse train. Vp. PRF, and Py values indicated are particular
10 QU FID PUISEIS. ...t bbbttt bbbt 29
Figure 1.10. A representation of a quasi-steady electron number density possible at high enough
PRF. Decay between pulses is such that ne is always within the same order of magnitude. ........ 30
Figure 1.11. Chopped RF plasma antenna SCheme. ..........cccooiveiiiiiic i 31

Figure 2.1. The complete experimental setup. The numbered components are as follows: 1) FID
HV nanosecond pulser; 2) LeCroy 8254M oscilloscope; 3) Back current shunt; 4) Positive



electrode; 5) Electrode connected to the shield; 6) Mass flow controller; 7) Gas supply; 8) 10 Torr
Baratron; 9) Throttle valve; 10) Rotary vane pump; 11) Microwave interferometry system....... 33

Figure 2.2. A comparison of the measured voltage and current profiles using various probing
L0101 01T 0TSSP 34

Figure 2.3. The microwave interferometry system used to measure ne. The numbered components
are as follows: 1) 14.525 GHz fixed oscillator; 2) 4x frequency multiplier/amplifier; 3) Isolator; 4)
Directional coupler; 5) Variable attenuator; 6) Variable phase shifter; 7) Transmitting antenna; 8)
Plano-convex Teflon lens; 9) Pyrex cylinder; 10) Measured plasma; 11) 2 cm aperture; 12)
Receiving antenna; 13) 1-Q mixer; 14) Oscilloscope. The lines represent the WR15 waveguides
used to coONNECt the COMPONENES. .......eciiiieiieie e e sae e e reesre e e e sreeeeas 36

Figure 2.4. 1Q plane showing how I and Q signals taken with plasma and without it, along with
the center DC offset, are related to one another and can be used to determine the phase shift induced

by the presence 0f @ PIASIMA. .........ooiiiiiiicie e re e 38
Figure 2.5. Raw BCS data indicating pulse reflections in the system. ..........ccccoeeviveieiieieennns 39
Figure 2.6. Voltage and current profiles of the first plasma pulse. ... 39
Figure 2.7. Electron number density vs time in (a) argon and (b) nitrogen plasma at different PRF
FOr p=3 TOrr, M=L1.45 G/MIN. oot et be e saeereanee e 40
Figure 2.8. Inverse electron number density as a function of time in (a) argon and (b) nitrogen
plasma at different PRF for p=3 Torr, m =1.45 g/MiN......cccoiiiieiiiiieiicce e 41
Figure 3.1. Effect of Ar electronic excitation on the relaxation rate of electron temperature. .... 58
Figure 3.2. Rate constant of electron-argon momentum transfer collisions. ..............ccccocevvennens 59
Figure 3.3. Computed electron temperature decay with differing concentrations of H20.......... 60

Figure 3.4. Comparison of kinetic model to the experimental data taken at 3 Torr, m=1.45 g/min
without considering HaO IMPUIITIES. .......oieiiiiiiie e 61

Figure 3.5. Comparison of kinetic model with the experimental argon data taken at 3 Torr, m=1.45
g/MiN at 0.0415% H2O . ....ooiiiiiee ettt nre e eneanes 63

Figure 3.6. Modeled electron and ion densities for argon/water mixture at 3 Torr, m=1.45 g/min
WIth 0.0415% H2O. ..ottt et a e s e e et e teneesrenneeneens 63

Figure 3.7. Frequency of electron losses at 3 Torr, m=1.45 g/min with 0.0415% H-O. Initial losses
are due to ambipolar diffusion for the first ~4 us and subsequently due to dissociative

recombination (DR) with H3O". Losses due to attachment (va+20) are insignificant................... 64
Figure 3.8. Comparison of kinetic model with experimental data taken at 3 Torr, 0.024% H>0,
TNT2.90 G/MIN. oot e e et a e te e e beeares 65
Figure 3.9. Comparison of kinetic model with experimental data taken at 5 Torr. ..................... 65

Figure 4.1. Conductivity for RF=30 MHz, 100 MHz, and 300 MHz in the afterglow of argon
plasma. The experimentally measured ne and corresponding modeled Te correspond to plasma at
3 Torr argon With 450 PPM OF HoO.....eiiiiiiicieee e 69



Figure 4.2. Permittivity for RF=30 MHz, 100 MHz, and 300 MHz in the afterglow of argon plasma.
The experimentally measured ne and corresponding modeled Te correspond to plasma at 3 Torr
argon With 450 PPM OF HoO . ..o.eiiiiiie bbb 71

Figure 5.1. (a) Example of a high voltage, nanosecond pulse train applied at high PRF and (b) an
illustration of the quasi-steady electron number density that it can sustain. ne decay between the
pulses is relatively small, less than by an order of magnitude. ............cccceeveviieiiice i 74

Figure 5.2. Theoretical cost of ionization, in eV per newly produced electron, for both argon and
air as a function of applied E/N. The dashed line indicates each gas's Stoletov's point and
COMTESPONAING COSL. ...tttk b bbb bbb bt bt st e e et et ab et e bt eneene s 74

Figure 5.3. The experimental setup is in 3a while the voltage and current schematic is shown in
3b. The numbered components are as follows: (1) FID HV nanosecond pulser; (2) LeCroy 8254
M and 735 ZI oscilloscopes; (3) back current shunt; (4) resistive divider HV probe; (5) Bergoz
FCT; (6) positive electrode; (7) electrode connected to shield; (8) mass flow controller; (9) 10 Torr
Baratron; (10) rotary vane pump; (11) gas supply; (12) dosing valve; (13) RGA system; (14)

MICrOWave INtErfErOMELrY SYSIEIM.......c.viiiiiicc et sre e 77
Figure 5.4. Energy and direction of pulse propagation............cccccceveiveieiieesieeie e 78
Figure 5.5. Raw BCS signal profile. Each peak labeled with IN refers to the incident pulse onto
the discharge and with B refers to the reflected pulse from the discharge. ..........ccccccoevveieennne. 79
Figure 5.6. Cumulative energy extracted by the BCS technique. ..........c.cccevveviiieii e 79

Figure 5.7. (a) The specific species detected by the RGA at pressures of 2, 3, 5, and 10 Torr. (b)
the percent composition of the most dominant gases found during experiments in argon at the
PIESSUIE TESTE. ...ttt b e bbbttt e et b et bbb e b 82

Figure 5.8. BCS measurement of pulse traveling to and from the plasma for a commanded voltage
of 2.5 kV. The profiles have been normalized by the peak measured voltage. (a) Argon, 0.1 kHz,
pressure varied (b) Argon, 10 Torr, PRF VAl .........ccoieiiiiiieieiiscse e 83

Figure 5.9. Pulse voltage profiles applied to the plasma, reconstructed from the BCS
measurements of figure 8. The profiles have been normalized by the commanded voltage of 2.5
kV. (a) Argon, 0.1 kHz, pressure varied (b) Argon, 10 Torr, PRF varied..........cc.cccccocenvrvnnnnnne 84

Figure 5.10. BCS Reconstructed applied voltage and current profiles for indicated commanded
voltage pulsed at a repetition frequency of 0.1 kHz onto air plasma at the indicated pressures. . 87

Figure 5.11. BCS reconstructed applied voltage and current profiles of the (a) 1 and (b) 2" pulse
for a commanded voltage of 3 kV at a repetition frequency of 0.1 kHz onto air plasma at the
INAICALEA PIESSUIES. ...ttt ettt sttt se bbbt s bbb s b bt bt b e e st e e et e b e b et e beene e 88

Figure 5.12. Energy deposited by the first and second pulse into air plasma at pressures of 2, 3, 5
and 10 Torr and repetition frequencies of 0.1, 3, 10, and 20 kHz. Data could only be acquired at 2
Torr at PRF=0.1 kHz without & corona forming. ..........c.ccocureiriiieneneeseeee s 91

Figure 5.13. Energy deposited by the first and second pulse into argon plasma at pressures of 2,
3, 5and 10 Torr and repetition frequencies of 0.1, 3, 10, and 20 kHz. Data could only be acquired

11



at 2 Torr at PRF=0.1 kHz without a corona forming. Data was not collected at 3 Torr in figure
5.13d TOr the SAME FEASON. ...eeuviiveeiiieieeiieeiee ettt ste e e e sbe e be e s e sseenbeeneesbeenbeeneenreennas 92

Figure 5.14. Total energy deposited onto argon and air plasma at the indicated conditions. Data
could only be acquired at 2 Torr at PRF=0.1 kHz without a corona forming. Data was not collected
at 3 Torr in figure 5.14d fOr the SAME FEASON. ........cciiiiiiiiieieie e 93

Figure 5.15. Measured change in electron density by each applied pulse at indicated repetition
frequencies and Pressures N air PIASIMAL ........cveieieiiiie s 94

Figure 5.16. Measured change in electron density by each applied pulse at indicated repetition
frequencies and pressures in argon PlASIMA. ..........c.civerieiieriee e 95

Figure 5.17. Total electron number density produced by each pulse at indicated pressures and
repetition frequencies for argon and air PIASMAS. .........ccuevirieiieiiiie e 96

Figure 5.18. Effect of varying pulse repetition frequency at constant pressure in air and argon
plasma on electron NUMDBET AENSITY........ccviiiiiiiiiie e 97

Figure 5.19. Cost of ionization for the first and second applied pulse in argon plasma. The dashed
line is the cost associated with StoletoV’S POINL.........ccoviiiiiiiiiiiieiie e 98

Figure 5.20. Reproduction of figure 5.19 with total cost of ionization included to compare to the
1%t and 2" pulse. The dashed line is the cost associated with Stoletov’s point. Error bars have been
FEMOVE TOF CIATIEY....cviieiececce et e et e s e re e teeneesreeee s 99

Figure 5.21. Cost of electron ionization for the first and second applied pulse in air plasma. The
dashed line is the cost associated with Stoletov’s POINt. ........cccvviiriiiiiiciie e 100

Figure 5.22. Reproduction of figure 5.21 with total cost of ionization included to compare to the
1%t and 2" pulse. The dashed line is the cost associated with Stoletov’s point. Error bars have been
FEMOVE FOF CIAMTLY....c.viiiicicce et e ste e reesre e e 101

Figure 5.23. Total cost of ionization in air and argon plasma. The top axis shows the Vpeax
corresponding to the Vpeak/P 0N the DOTLOM aXiS. ......ccviiiieiiiiiiieieccse e 103

Figure 6.1. (a) Experimental setup (copy of figure 5.3a) and (b) directional coupler used to
determine the electron number density and power deposited onto plasma driven by both continuous
AN PUISEA RF WAVES. ......oiiiciece ettt ettt te et e e sbe b e reesteeaeeneesreenne s 106

Figure 6.2. Power absorbed and ne in 2 Torr air plasma sustained by 50 MHz, RF bursts applied
EVETY 25 S TOT SO LS. . ueieeiiie ettt nneas 108

Figure 6.3. Power absorbed and ne in 2 Torr air plasma sustained by 50 MHz RF bursts applied
every 25 us for 10, 30, and 50 pus. Commanded power was -6 ABM. .........cccevvrieiiveiciieiinennnns 109

Figure 6.4. Power absorbed and ne in 2 Torr air plasma sustained by 50 MHz RF bursts applied
for 50 ps every 25, 50, and 75 ps. Commanded power was -6 dBM...........cccoeiiiiiiiiiiinns 110

Figure 7.1. The loop plasma antenna designed to operate at 1.25 GHz showing successful ignition
of the plasma using a NAN0SECONM PUISET. ........coviiuiiiiiiiieeeee e 112

12



Figure 7.2. ne as a function of applied PRF. The voltage was fixed at 5 kV with 10 ns pulse width,
and an FID PUISEr WaS USEU. .........coiiiiiiieieieieeste bbb 113

Figure 7.3. ne as a function of the measured voltage at the electrodes. A single 100 ns pulse was
applied at various voltages form the Eagle Harbor pulSer. ...........cccooveveiieiiein i 113

Figure 7.4. (a) coupler mounted to the plasma antenna and (b) the internal structure of the coupler.
..................................................................................................................................................... 114

Figure 7.5. Circuitry used to apply the power to the plasma antenna, measure the reflection
coefficient, measure the power received by the plasma antenna, and measure the power deposited
into the plasma. The blue arrow indicates the path of the excitation signal and the red arrow the
path of the antenna SIGNAL. ..........cooiiiii s 116

Figure 7.6. Experimental schematic for measuring the Si11 of the plasma antenna. (1) RF signal
generator: excitation frequency (fex) source; (2) RF power amplifier; (3) directional coupler; (4)
dual directional coupler; (5) oscilloscope; (6) attenuator; (7) high-pass filter; (8) VNA; (9) plasma
101 (] 0] 0T U PSPPI 117

Figure 7.7. (a) Fluorescent light bulb repurposed as plasma antenna used for initial monopole tests
and (b) the coupling scheme used to both generate the plasma and make measurements.......... 118

Figure 7.8. S11 measurements for indicated deposited power at excitation frequency of 120 MHz.
..................................................................................................................................................... 119

Figure 7.9. The actual variable pressure system used for experiments. (a) shows the system in its
entirety during hallway testing with the plasma present while (b) shows a partially ignited plasma
(010 0] 1 ¢ o TSSO TP 120

Figure 7.10. Schematic of the variable pressure plasma antenna system. System dimensions are
shown in (a) and relevant components in (b). In (b): (1) Pyrex glass tube; (2) SMA connector; (3)
copper coupling sleeve; (4) aluminum shield box; (5) ground plane; (6) CF 2.75 glass-to-metal
sealed flange; (7) threaded rod; (8) CF 2.75 to KF-40 adapter; (9) argon gas supply; (10) mass flow
controller; (11) KF-40 to KF-16 4-way cross reducer; (12) pressure gauge; (13) modified open-
Close ValVe; (14) VACUUM PUIMIP ....oviitiiiiiieiieieie sttt sttt sb et 121

Figure 7.11. Copper coupler soldered to SMA cable and connected to a SMA bulkhead. ....... 122
Figure 7.12. Alternative COUPIEr tESLEA. .......ccviiiiieee e 123

Figure 7.13. Results from Aluminum foil wrapped Pyrex tube to validate S11 measurement setup.
..................................................................................................................................................... 123

Figure 7.14. S11 response measured for excitation frequencies of (a) 98 MHz and (b) 154.5 MHz
at the indicated deposited powers into an argon plasma at 0.3 Torr. The sudden peaks at 309 and
463 MHz in (b) correspond to the 2" and 3 harmonics of the excitation frequency leaking into
the MEASUIEIMENT SYSTEM. ...iiii ittt et e et e et e e be e e reenreeanes 124

Figure 7.15. Configuration used to determine the gain of the reference antenna. (1) RF signal
generator: excitation frequency (fex) source; (2) RF power amplifier; (3) directional coupler; (4)
dual directional coupler; (5) oscilloscope; (6) attenuator; (7) high-pass filter; (8) RF signal
generator: frequency sweep (frx) source; (10) reference antenna; (11) spectrum analyzer ........ 127

13



Figure 7.16. (a) Measured gain of the reference antenna for varying transmitted powers, and (b) a

comparison of the reference antenna’s measured gain to its gain profile in the antenna datasheet.
..................................................................................................................................................... 128

Figure 7.17. Experimental schematic for measuring the (a) transmitted (Ptx) and (b) received
power (Prx) by the plasma and reference antennas to determine antenna gain. (1) RF signal
generator: excitation frequency (fex) source; (2) RF power amplifier; (3) directional coupler; (4)
dual directional coupler; (5) oscilloscope; (6) attenuator; (7) high-pass filter; (8) RF signal
generator: frequency sweep (frx) source; (9) plasma antenna; (10) reference antenna; (11) spectrum
ANAIYZEE ..o h b bR bR e et n bbb ne e 130

Figure 7.18. The measured (a) transmitting and (b) receiving gain profile for the plasma antenna.
An argon plasma at 0.3 Torr was sustained by the indicated deposited power at fex=98 MHz. . 132

Figure 7.19. The measured transmitting and receiving gain as a function of applied power at a few
different signal frequencies. An argon plasma with gas pressure of 0.3 Torr was sustained at fex=98
Y A T Tl o - TSRS 133

Figure 7.20. Gain profile of a plasma antenna as a receiver for varying transmission output powers.
An argon plasma with gas pressure of 0.3 Torr was sustained by 64.5 W at fex=98 MHz in each

(07 KOOSO TP PP 133
Figure 7.21. Real and imaginary parts of the plasma permittivity for an argon plasma at 0.3 Torr
WIith 1€ = 3 X 1011 CIM — 3. oottt e e s e e be e s b e e e be e saeeeaeesneeane e 135
Figure 7.22. Calculated skin depths for the reference and plasma antenna. ............cc.ccecvvvruenne. 135

Figure 7.23. (a) The plasma antenna conductivity as a function of frequency and (b) the ratio of
the reference antenna to the plasma antenna conductivity. The reference antenna conductivity is

INVArTANT WIth TIEQUENCY. ...eveieiiie bbb 136
Figure 7.24. The calculated resistance for the reference and plasma antenna. .......................... 137
Figure 7.25. The estimated relative gain between the plasma and reference antenna. .............. 138

Figure 7.26. Microwave interferometer used to measure electron number density at z=3.6 cm
above the shielding box. The red arrow shows the direction of the microwave beam. .............. 139

Figure 7.27. Measured electron number density of an argon plasma at the indicated pressure and
excitation frequency as function of power. All data was taken with the Aethercomm amplifier,
unless marked with AR which indicates the AR amplifier was used. ............cccoovevvivieieevieennenn, 142

Figure 7.28. Comparison of the measured ne in argon plasma between fex=90 MHz and fex=500
MHZ at 0.3 TOIT @and 0.5 TOIT. ..ooueeiieie ettt eeenaestaeeeeneenes 143

Figure 8.1. (a) Assembled stainless steel vacuum chamber system configured for microwave
interfoermetry, voltage, and current measurements and (b) the teflon insulated electrode structur
with embedded aluminum ElECIIOUES. .......ccveiieiieie e 145

Figure 8.2. (a) Top and (b) front view of microwave interferometry system with 6 in. long foam
absorbers inSide OF the PV C PIPE. ..ot 145

14



Figure 8.3. Preliminary tests with a nanosecond pulsed, direct electrode excitation. (a) antenna
consists of an SMA connector soldered to the electrodes of a light bulb, (b) successful ignition
with nanosecond pulses of this antenna, (c) setup with ground plane that will allow the light bulb

to serve as a plasma antenna. A technique to make Si; measurements still needs to be developed.
148
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ABSTRACT

In the past two decades, great interest in weakly ionized plasmas sustained by high voltage
nanosecond pulsed plasmas at high repetition rates has emerged. For such plasmas, the electron
number density does not significantly decay between pulses, unlike the electron temperature. Such
conditions are favorable to reconfigurable plasma antennas where the low electron temperature
may enable the reduction of the Johnson—Nyquist thermal noise if an antenna is operated in the
plasma afterglow. Moreover, it may be possible to sustain such conditions with RF pulses. Doing
so could enable a plasma antenna that transmits the driving frequency when the pulse is applied
and receives other frequencies with low thermal noise between pulses.

To study nanosecond pulsed plasmas, experiments were performed in a parallel-plate
electrode configuration in argon and nitrogen gas at a pressure of several Torr and repetition
frequencies of 30-75 kHz. To measure the time-resolved electron number density in the afterglow
of each pulse, a custom 58.1 GHz homodyne microwave interferometer was constructed. The
voltage and current measurements were made using a back current shunt (BCS). Initial analysis of
the measured electron density in both plasmas indicated that the electron thermalization was much
faster than the electron decay. In the nitrogen plasma, dissociative recombination with cluster ions
was the dominant electron loss mechanism. However, the dissociative recombination rates of the
electrons in the argon plasma suggested the presence of molecular impurities, such as water vapor.
Therefore, to better understand the recombination mechanisms in argon plasma with trace amounts
(0.1% or less by volume) of water vapor under the experimental conditions, a 0-D kinetic model
was developed and fit to the experimental data. The influence of trace amounts of water on the
electron temperature and density decay was studied by solving electron energy and continuity

equations. It was found that in pure argon, Ar* ions dominate while the electrons are very slow to
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thermalize and recombine. Including trace amounts of water impurities drastically reduces the time
for electrons to thermalize and increases their rate of recombination.

In addition to large quasi-steady electron number densities and low electron temperature
in the plasma afterglow, plasmas sustained by nanosecond pulses use a lower power budget than
those sustained by RF or DC supplies. The efficiency of the power budget can be characterized by
measuring the ionization cost per electron, defined as the ratio of the energy deposited in a pulse
to the total number of electrons created. This was experimentally determined in air and argon
plasmas at 2-10 Torr sustained by 1-7 kV nanosecond pulses at repetition frequencies of 0.1-30
kHz. The number of electrons were determined from the measured electron density through
microwave interferometry and assuming a plasma volume equivalent to the volume between
electrodes. The energy deposited was calculated from voltage and current measurements using
both a BCS as well as high frequency resistive voltage divider and fast current transformer (FCT).
It was found that the ionization cost in all conditions was within a factor of three of Stoletov’s
point (the theoretical minimum ionization cost) and two orders of magnitude less than RF plasma.

Having shown that it is possible to generate high electron density, low electron temperature
plasmas with nanosecond pulses, it was necessary to now create a plasma antenna prototype.
Initially, commercial fluorescent light bulbs were used and ignited using surface wave excitation
at various RF frequencies and powers. The Si1 of the antenna response was measured by a VNA
through a novel coupling circuit, while the deposited power was measured using a bi-directional
coupler. Next, a custom plasma antenna was created in which the pressure and gas composition
could be varied. In addition to the Si1: and deposited power, the antenna gain, and the electron
number density were also measured for a pure argon plasma antenna at pressures of 0.3-1 Torr.

Varying the applied power shifts the antenna resonance frequency while increasing the excitation

17



frequency caused an increase in measured electron density for the same deposited power. Initial
tests using direct electrode excitation of a twin-tube integrated compact fluorescent light bulb with
nanosecond pulses have successfully been achieved. Future efforts include designing the proper

circuitry to time-gate out the large pulse voltage to facilitate safe antenna measurements in the

plasma afterglow.
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1. INTRODUCTION

1.1 Background

It was first proposed to use plasmas as a conducting medium to replace metallic RF antennas in a
patent for a plasma antenna filed by John Hettinger in 1919 [1]. From the 1960s to 1980s, research
on different types of plasma antennas developed [2]-[5] with other applications of using plasmas
to enhance metallic antennas also emerging [6]. In the 1990s, renewed interest in these devices
developed after it was shown they have stealth applications resulting from their low radar cross
section (RCS) [7].

A plasma antenna is possible only when a gas is ionized to a sufficiently high degree such
that the resulting plasma conductivity, o, would enable signals at frequencies, w, that are below
the plasma frequency, wp, to propagate in a fashion similar to how they would along a metal. Note

that wp is proportional to the plasma electron number density, ne, by

w. = (1.1)

where e is the electron charge, & the permittivity of free space, and m the electron mass. When the
ionization source is removed, the electrons quickly recombine and the antenna is turned off. In this
state, the antenna is now just a gas-filled dielectric tube, undetectable on radar, a feature impossible
for their metallic counterparts to achieve. This result has spurred forth extensive experimental and
theoretical investigations into plasma antennas over the last two decades.

Since the year 2000, experiments and simulations have shown that plasma antennas have
the potential to operate as both receivers and transmitters over a wide frequency range,
~1 MHz -1GHz [8]-[16]. These studies have investigated how their functionality and

performance are affected by the gas type used, ionization mechanism, and dielectric tube
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dimensions. Some of these studies have even shown the possibility of creating antennas using
inexpensive, commercially available fluorescent lamps [10], [11], [16]-[19], examples of which
are shown in figure 1.1. Others have developed their own custom configurations, as shown in

figures 1.2 and 1.3 to allow for more parametric studies.

Figure 1.1. Examples of commercial fluorescent light bulbs that have been used as a dipole ((a) and (c)) and
monopole (b) antenna. (a) Reprinted from [20] with the permission of AIP Publishing, (b) reproduced from [18]
courtesy of The Electromagnetics Academy, and (c) reprinted from [17], © 2016 IEEE.

For a given set of parameters, one may manipulate antenna functionality by varying the
plasma column length and dielectric properties by changing the gas pressure [8]-[10], [14], [21],
[22], the input power [8], [9], [11], [14], [21], [23], and the excitation frequency [8], [9], [11], [24].
In such a manner, a plasma antenna can be rapidly reconfigured in shape, operating frequency,
bandwidth, and directivity. Moreover, it can withstand much higher powers and have lower mutual
coupling than metal antennas when used in multi-element arrays. These characteristics have been
shown to exist in various custom antenna configurations such as monopole, dipole, loop, and

arrayed plasma antennas.
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Ionized Gas
Plasma Antenna

(b)

Figure 1.2. Samples of custom antenna structures fabricated for research purposes. (a) is a plasma reflector antenna
and (b) a loop antenna while (c) is a monopole antenna developed by [12]. (a) reprinted from [25], © 2016 IEEE, (b)
reprinted from [26], © 2007 IEEE, and (c) reprinted from [27].

As an example, consider figure 1.3 where just the effect of varying operating pressure on
the plasma antenna can be observed. The authors of [21], [22] show that at pressures in the range
of 0.023-0.23 Torr, the plasma is formed as a series of striations (figure 1.3a) with their size
depending on the input RF power. Each one acts as an isotropic point source, collectively forming
a phased array antenna. Then, as pressure is increased to above 0.4 Torr, the plasma appears
uniform and the antenna radiation pattern differs from the case with striations, as seen in figure
1.3b. The radiation patterns suggest the antenna behaves more like a monopole as compared with
the series of striations. Just changing the operating pressure can dramatically vary the antenna’s

radiation pattern and directivity.

21



330 _———_30

é 1.04 ‘Azimuthal
E 300 300 60
§ 0.8 0.8+ Elevation
é_ f \
= 2o [270 ¢ ' ) 190
g 0.8 084
E 240 240 120
1.04 210 L 150 104 20 s
180 180
(a) (b)

Figure 1.3. The effects of varying pressure on the plasma shape and corresponding antenna patterns: (a) ~0.023-
0.23 Torr, (b) >~0.4 Torr. All radiation patterns reprinted from [22], with the permission of AIP Publishing, while
the antenna images are reprinted from [21], with the permission of AIP Publishing.

1.1.1 Plasma Antenna Sources

Plasma antennas can be sustained by DC [10], [12], [17], AC [12], [16], [18], [19], RF [8], [9],
[11]-[14], [21]-[24], [28], and laser sources[29]. DC and AC power supplies directly applied to
electrodes in contact with the gas are an easy means of ionization but have shown to yield noisy
plasma antennas [12]. Laser sources can sustain plasmas that are more conductive but require
bulkier, complex, energy intensive systems to operate. RF generators of various frequencies and
powers <100 W are also commonly used and generate more efficient plasma antennas. More rarely,
surfaguides have also been used to generate plasmas[30]-[32]. These are devices in which a

waveguide is used to launch a microwave into a tube inserted inside of it, thereby ionizing the
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enclosed gas. RF signals can then be coupled to the plasma column serving as an antenna. An
example of such a system is shown in figure 1.4.

Unlike other devices that perturb the plasma to sustain it, RF power supplies can generate
a plasma directly through electrodes in contact with a gas or indirectly through a capacitively
coupled sleeve surrounding the dielectric tube, as shown in figure 1.5. Coupling sleeves are
preferred since the presence of electrodes and unshielded wiring adversely affect the radiation
characteristics of the antenna. Moreover, by utilizing a sleeve, a single RF source can ionize the
gas and transmit a signal at the same excitation frequency, in stark contrast to other excitation
techniques. Of course, the technique of using two sleeves, one to sustain the plasma and another
to couple the signal, is practiced as well. Plasmas generated through these capacitively coupled
sleeves sustained by surface waves have been extensively researched and shown to produce

radially uniform, stable plasmas [33].

iGIass Tube

Surfaguide Plasma
—_—

m—

Copper |
RF | Ring
Connector
Dielectric
Metallic Box

Figure 1.4. Example of the surfaguide plasma generation technique.
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Figure 1.5. Plasma antenna configurations in which a single (a) and two (b) coupling sleeves are used. (a) Reprinted
from [12], with the permission of AIP Publishing and (b) reprinted from [9], © 2004 IEEE.

1.1.2 Brief Overview of Surface Waves

Surface waves in plasma columns were first discovered by Trivelpiece and Gould in 1959 [34].
These waves have phase velocity, Vg, < c, the speed of light in a vacuum, and travel along the
interface between two dielectrics, each with different relative permittivity. An example of such a
wave travelling along a plasma with permittivity & and a dielectric (such as Pyrex) with
permittivity egis shown in figure 1.6. Here, &g is a fixed property while &r can vary since it depends

on w, wp, and vm by

2
Wp

=1-—"
& w? +vE (1.2)

where v is the electron-neutral collision frequency. Surface wave propagation is only possible
when &< 0, eg>0and |ep|> &g [4], [35], [36] which is satisfied in a plasma surrounded by a dielectric

if vm< @ < wp.

If the wave is symmetric, as in a plasma bounded by a dielectric cylinder, only TM waves

satisfy the appropriate boundary conditions for E and B field continuity, and the only non-zero
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field components are Er, E;, Bo [4], [35]. The wave field and wave vector of such a wave

propagating in the z-direction are shown in figure 1.6.

Figure 1.6. The B and E field for a TM surface wave propagating in the z-direction. ﬂ is the surface wave vector
parallel to the direction of propagation.

These waves are evanescent, meaning the intensity of their E and B fields decay radially as [4]

1
E,, B, x \/—;eXp(—kl 1) (1.3)

where r is the transverse distance from a plasma column and k_ is the transverse wavenumber also

referred to as the decay coefficient [4]

, w2\ 2
ko= <ﬁ e c_2> (14)

where S is the wavenumber of the surface wave propagating along the boundary between the two
materials. In such conditions, the electric fields take the profiles presented in figure 1.7. The
electric field is maximum at the dielectric interface and then decays on either side. Within the
plasma column, the transverse component of the electric field, |E:|, is much less than the axial
component, |E;|, everywhere except for near the dielectric where the two can be comparable.

Outside the column, in air or vacuum, the opposite is true.
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Figure 1.7. Electric field profiles in and out of the plasma column. (a) © 10P Publishing. Reproduced with
permission. All rights reserved. It was reprinted from [4] where (- - -) corresponds to |E,| and (—) corresponds to
|E|. The change in dominating electric field inside and outside the glass is apparent. (b) © IOP Publishing.
Reproduced with permission. All rights reserved. The figure was reprinted from [36], where A corresponds to |E,|
and B to |E,|. This shows the rapid drop in |E/| away from the dielectric interface in the plasma column.

For surface waves to exist, @ and wp must satisfy certain limits that arise from the solution

of the dispersion relations and are depicted in figure 1.8 [35], [37]. For a collisionless plasma
column (vm’<w?) surrounded just by vacuum, w/w, < 1/v2 while for a plasma column in a

dielectric tube w/w, < 1/,/1+ 5. As w/w, approach these limits, # — oo and the group velocity,
Vg, approaches zero causing propagation to stop [4]. If these conditions are met, the minimum
local electron density needed to facilitate surface wave propagation within a column is [33]
np =12x10*(1+&,4)f? (cm™)

where f is the surface wave frequency in MHz. Moreover, operation in the m=0 mode (azimuthally
symmetric fields) requires satisfying fR<2 GHz-cm where R is the radius of the dielectric tube [38].

As w/w, — 0, f— po, the free space wavenumber. Under this limit, the plasma conducts
the surface wave similar to a metal and most of the wave power flows outside of the dielectric [4].

In general, three modes can exist in a plasma antenna based on the value of this parameter: non-

radiative, transitional, and linear [39]. As w/w, — 1/v2 or 1/ /T + gg, the antenna is in the
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non-radiative mode. For w/w, < 0.1 it is in the linear mode. In between it is in the transitional
mode, where the radiation is very sensitive to wave parameters.

PLASMA COLLMN
N YACLUM

I#[rzgl---- A~

PLASMA COLLMN
S NFINITE DIELEC=
TRIG

B Ba

Figure 1.8. Limits of w/wy in different conditions at which surface waves cease to propagate as a function of the
wavenumber, 5. Here, a is the radius of the dielectric tube and 5, the free space wavenumber. The overshoot may
sometimes occur due to radial inhomogeneity of n. [4]. This figure was reprinted from [37]. © IOP Publishing.
Reproduced with permission. All rights reserved.

These surface waves can operate in both a self-sustained mode, ionizing the gas as they
propagate, and in a coupled mode where they propagate along an already existing plasma column.
Therefore, surface wave plasmas can be driven from a single capacitive coupler with an RF source.
Such an excitation technique does not require electrodes in contact with the gas, has been shown
to be more efficient in producing plasma, does not produce many perturbations in the gas, and
creates a more stable plasma compared to a DC column [12], [40]. When designing a surface-wave
driven or capacitively coupled plasma antenna, it is important to ensure these conditions are

satisfied for successful device operation.

1.2 Motivation

A couple of main hurdles have prevented the widespread adoption of plasma antennas. First,
plasmas have conductivities 10%-10° times smaller than in metals, resulting in an antenna gain that

is at best 5-10 dB smaller [8], [11], [13], [14], [19], [29] and effective antenna efficiencies of 75%
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at best [9], [21], [41], [42]. Second, plasma antennas have a larger Johnson-Nyquist thermal noise
than their metallic counterparts because the temperatures of the charge carriers (electrons) are
several eV larger than in metals. This makes them unattractive as receivers because larger thermal
noise necessitates a stronger received signal for detection. These drawbacks may be mitigated by
utilizing pulsed excitation techniques to sustain the plasma.

It has been claimed that a pulsed DC ionization mechanism reduced the noise of, increased
the electron density in, and decreased the power consumed by a plasma antenna [13]. Furthermore,
it has been shown that using pulsed RF signals, the noise of a plasma antenna receiver measured
by a SINADDER was at most 4 dB higher than the typical noise power threshold of a receiver
(-120 dBm) [12]. Such results are both beneficial to plasma antennas since this suggests
improvement in conductivities and noise, important for reception.

The plasma conductivity, o, is defined as [43]

2
Wp

O Ty (15)

Any increase in the electron density of the plasma antenna would directly increase o because

wjocn, (cf. equation (1.1)). The Johnson-Nyquist thermal noise power, P, per unit bandwidth, 47,

is given by [44]
P 4kT, (W
NP (%)

(1.6)

where k is the Boltzmann constant and Te is the electron temperature. In metals, Te =T=300 K
(0.025 eV) and vm?>w? while in a non-equilibrium plasma, Te =1-5 eV and vm depends on the gas
and its pressure. As such, DC and RF plasmas inherently have a noise power that is several orders

of magnitude larger than in metals. To ensure low noise in plasma antennas, it is necessary to
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reduce the electron temperature and operate at a low pressure to minimize the collision frequency.
However, this reduction must be traded off with the conductivity since it is also dependent on vi.
Even if vim=w, P/Af would still be half that of metals assuming Te ~ T. By operating in a pulsed
regime, large electron densities can be sustained, and, in the proper operating mode, the electron
temperature can quickly approach room temperature in the plasma afterglow. Such conditions can
be sustained using nanosecond pulses.

High-voltage (HV), repetitive, nanosecond pulses can efficiently create plasmas with
sufficiently high electron densities while utilizing a low power budget [45]. During the short pulse,
E/N, where E is the electric field and N the gas density, in such plasmas is very high (typically on
the order of 1000 Td) [45], resulting in optimal conditions for ionization and generation of various
excited species. Between the pulses, the plasma decays due to recombination, attachment, and
diffusion; however, if the next ionizing pulse is applied before the plasma density decays by more
than a factor of 2-3, a quasi-continuous plasma can be sustained [45]. Figure 1.9 shows an example
of such a pulse train. The peak voltage, V,, pulse width, Pw, and pulse repetition frequency, PRF,
correspond to the maximum capabilities of our FID, FPG 10-1 MHN and FPG 1-3 MH2 pulse
generators. Other pulse generators, such as the Eagle Harbor NSP with Vp <30 kV and Pw <100 ns

are also available to use for experimentation.

V (kW V<10 kV

PRF= 3 MHz

4
A

P~ 2-5 ns >[4

IR WV NIV

500 1000 1500 t (ns)

Figure 1.9. Example of a nanosecond pulse train. V,. PRF, and Py, values indicated are particular to our FID pulsers.
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The ability of nanosecond-pulsed plasmas to generate large quantities of excited species
and to deliver significant amounts of energy in a short period of time has made them particularly
attractive for plasma-assisted combustion and aerodynamic flow control applications [46]-[50].
However, in most cases related to those applications, the pulse repetition frequency is low enough
to ensure an almost complete electron density decay between the pulses. If the PRF can be high
enough to sustain quasi-continuous plasmas (cf. figure 1.10), then between pulses, the electron
temperature could thermalize much faster than the electron density would decay. Thus, under
appropriate operating conditions, a plasma with sufficiently high average electron number density
(= 101°-10% cm®) and with a low mean electron temperature can be used to create more conductive,

low-noise plasma antennas.

n. (cm?)4
5% 10

1x 10k

500 1000 1500 t (ns)

Figure 1.10. A representation of a quasi-steady electron number density possible at high enough PRF. Decay
between pulses is such that ne is always within the same order of magnitude.

Like nanosecond pulses, if an RF signal is “chopped” using an external triggering
mechanism, it is believed that between pulses, the electron temperature would also decay quickly.
If the quasi-steady electron number density is large enough, then such a scheme can also be used
with plasma antennas. Such a technique may enable the antenna to serve as a transmitter of signals

at the source excitation frequency and a receiver with low thermal noise in the afterglow, as
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depicted in figure 1.11. This would be advantageous to using nanosecond pulses because a second

signal generator would not be required to couple a signal to the plasma.

\% .
* Transmit

JAAN - AAAN ANAAA
VY Reseive 4 VYV

Figure 1.11. Chopped RF plasma antenna scheme.

Therefore, it is necessary to conduct experimental research to understand the levels of ne
acheivable using such pulsed techniques at various gas types, pressures, and electrode spacings. It
is also important to measure the electron temperature in the plasma afterglow. Kinetic modeling
of the experiments performed is also necessary to understand the recombination processes. Once

this is understood, these sources can be used to generate operational plasma antennas.
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2. DIAGNOSTICS OF NANOSECOND PULSED PLASMA

Large portions of this chapter were reprinted from V. Podolsky, A. Khomenko, and S. Macheret,
“Time-resolved measurements of electron number density in argon and nitrogen plasmas
sustained by high-voltage, high repetition rate, nanosecond pulses,” Plasma Sources Sci.
Technol., vol. 27, no. 10, p. 10LT02, 2018. © IOP Publishing. Reproduced with permission. All
rights reserved.

2.1 General Facility Development

To conduct experimental studies, the vacuum system shown in figure 2.1 was constructed. It
consists of a Pyrex cylinder seated onto recessed face seals between two acrylic caps. This design
was chosen to allow for visual clarity and easy, non-invasive plasma diagnostic techniques. In the
chamber, two aluminum parallel-plate electrodes 10.16 cm in diameter were aligned and spaced 2
cm away from each other. The central wire of the coaxial cable was attached to the top electrode
and the shield wire to the bottom. An Alcatel 2033A rotary vane vacuum pump was used to
evacuate the chamber and the pressure was measured using a 10 Torr Baratron (MKS-626C).
Before testing, the chamber was first evacuated to a base pressure of 10 mTorr and the desired test
gas was introduced to purge the system. Afterwards, a throttle valve and a flow controller (Alicat
MC-10SLPM) were used to attain the desired chamber pressure for a given mass flow rate.

To generate the plasma, the FID FPG 1-3MH2 pulser was used. It outputs a fixed 820 V,
3 ns FWHM pulse at pulse repetition frequencies (PRF) of up to 3 MHz. Tests with argon and
nitrogen were performed at a pressure of 3 Torr with PRFs of 30-75 kHz. The voltage and current
profiles were attained using a back current shunt (BCS) consisting of fifteen, 2.2 Q carbon-film
resistors soldered in parallel onto the shielding of a 30 m RG-217 coaxial cable. The voltage drop

across the resistors was measured using a Lecroy 8254M oscilloscope. A detailed description of
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the theory behind a BCS can be found in [51]. The BCS was calibrated by applying known currents

and measuring the corresponding voltage drop across the shunt resistors.

SYNC

Figure 2.1. The complete experimental setup. The numbered components are as follows: 1) FID HV nanosecond

pulser; 2) LeCroy 8254M oscilloscope; 3) Back current shunt; 4) Positive electrode; 5) Electrode connected to the

shield; 6) Mass flow controller; 7) Gas supply; 8) 10 Torr Baratron; 9) Throttle valve; 10) Rotary vane pump; 11)
Microwave interferometry system.

2.2 Voltage and Current Measurements

Other voltage and current measuring techniques were tested before the BCS was chosen. Due to
the construction of the vacuum chamber used, it was impossible to test these devices on this system.
Therefore, a plasma was created under the same pressure, electrode spacing, and gas type in
another vacuum chamber with 5.08 cm diameter electrodes. The discrepancy in electrode diameter
should have minimal, if any, effect on the overall pulse profile. On this chamber, in addition to the
BCS, three different voltage probes (the Montena VDOTS8G, the Lecroy PPE6KYV and the HP HF
54006A 6 GHz Resistive Divider) and another current probe (Bergoz FCT-028-1.25-WB) were
used to measure the pulse shape. The peaks of the profiles were aligned, and an average and
standard deviation were calculated to show the discrepancy between devices, as shown in

figure 2.2.
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The measured voltage and current profiles each give a different measured peak amplitude
and appear to indicate pulse broadening in devices other than the BCS. When the nanosecond pulse
reaches the plasma, an impedance mismatch between the transmission line and load (the plasma)
is present causing the pulse to be reflected. Other than the BCS, each of the probes is placed as
close as possible to the electrodes to minimize the influence of the reflection, but some influence
remains and appears in the form of pulse broadening. In particular, the PPE6KV has a bandwidth
of only 400 MHz; it cannot capture the full correct profile shape of the 3-5 ns time scale. With the
back current shunt, on the other hand, the forward and reflected pulse are separated, eliminating
pulse broadening and allowing extraction of the correct magnitude of the proper transmitted pulse.
These observations are supported by the matching of the voltage and current profiles of the high

frequency devices when measured on the same matched load.

1000

—— HP HF 54006A Avg+STD
— VDOTSG - - Avg-STD
800 F Lecroy PPESKVT —— Avg

—BCS

—— AVG+STD
= = AVG-STD
— AVG

Current, A

-3 0 3 6 9 12 -3 0 3 6 9 12
Time, ns Time, ns

Figure 2.2. A comparison of the measured voltage and current profiles using various probing techniques.
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2.3 Microwave Interferometry System

To characterize the electron number density in the afterglow of such a plasma, a microwave
interferometry system was constructed to perform time-resolved measurements. Microwave
interferometry is an attractive method to measure electron number density that can be performed
in a wide range of experimental configurations and on various types of plasmas [52]. It has been
utilized to make time-resolved measurements of Hall thruster plasma plumes [53], RF plasmas
[54]-[56], laser induced plasmas [57], and pulsed plasmas [58]-[60]. It is nonintrusive, operable
over a wide pressure range, and requires minimal assumptions to be made about the plasma [55]—
[57], [61]. Other techniques, including Stark broadening and Thompson scattering, are only
effective at very high electron number densities and require a much more complex experimental
setup.

Measuring the phase shift of a microwave with angular frequency « transmitted across a
uniform plasma of known length, L, permits the determination of the line-of-sight average electron
number density, ne, along the probing path can be determined [52]. Under the conditions of this
experiment, the high frequency limit of w >> wp >> v is valid, where wy is the plasma frequency

and vm is the electron-molecule momentum transfer collision frequency. In this regime, the real

1

S L
part of the wavenumber, k, is % (1 - ﬂ)2 where c is the speed of light.

w?
By comparing the absolute change in k of a microwave traversing air to that across a plasma,

the phase difference, A®, due to the presence of the plasma is given by [52]

W w3 (x) 2
A(D—?f 1—(1— w2> dx. 21)

Since w,, is related to ne, a Taylor series expansion of the expression for A¢ in the high frequency

gives an explicit relation for ne [52] of
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2e,mc wAP

e? L (2.2)

Ne =

where m is the electron mass, e is the electron charge, and €, is the permittivity of free space.

To utilize this theory and determine the ne of the bulk plasma, a homodyne microwave
interferometry system (MIS) operating at a frequency of 58.1 GHz was constructed; at this
frequency, the critical electron number density, nc, is 4.17x10* cm. Figure 2.3 shows a block
diagram of this system. A local phase-locked oscillator (Herley PDRO-14744) produces a
sinusoidal signal of 14.525 GHz that is quadrupled and amplified through an active multiplier
(Millitech AMC-15-RFHBO). The resultant signal of 58.1 GHz with a power of up to 25 dBm is
transmitted through an isolator before being divided through a directional coupler into the
reference and plasma branches. The signal has a power of 5 dBm in the reference branch and 25
dBm in the plasma branch. As the signal propagates through the plasma branch, it is transmitted
from a pyramidal horn antenna (Flann 25240-20) through the plasma via a beam focusing system
before being received by another antenna and sent to the RF port of an I-Q mixer (Millitech MIQ-

15-01900).
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Figure 2.3. The microwave interferometry system used to measure n.. The numbered components are as follows: 1)
14.525 GHz fixed oscillator; 2) 4x frequency multiplier/amplifier; 3) Isolator; 4) Directional coupler; 5) Variable
attenuator; 6) Variable phase shifter; 7) Transmitting antenna; 8) Plano-convex Teflon lens; 9) Pyrex cylinder; 10)
Measured plasma; 11) 2 cm aperture; 12) Receiving antenna; 13) 1-Q mixer; 14) Oscilloscope. The lines represent
the WR15 waveguides used to connect the components.
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Meanwhile, the reference signal is transmitted to the LO port of the mixer. Because the
frequencies entering the RF and LO part of the mixer are equal, the output signals from the I and
Q ports are DC and proportional to the probing wave’s phase shift. Consequently, 4@ can be
determined by comparing the measured | and Q signals with plasma to those without it. The
attenuator (Millitech 45734H-1200) upstream of the LO port is used to ensure that the mixer does
not saturate while the phase shifter (Hitachi M4610), as well as the other attenuator (Flann 25020),
are used in calibrating the MIS.

The purpose of the focusing system is to improve the signal-to-noise ratio of the RF signal
received by the 1-Q mixer. A plano-convex Teflon lens (ThorLabs LATO075) on the transmitting
side of the system focuses the signal before it is beamed into the plasma and then through a 2 cm
aperture (ThorLabs ID36) downstream of the chamber. An aperture is used to ensure that only the
portion of the probing beam traveling through the desired portion of the electrode gap is detected,
minimizing the influence of any reflected or scattered signals. Finally, the probing beam is focused
onto the receiving antenna horn by the second lens.

To account for measurement deviations arising from the losses inherent to the microwave
system, an intrinsic DC offset of the system, and offsets created by the probing signal propagating
through a Pyrex cylinder of a certain gas and pressure, the following calibration process was
developed. It was inspired by a similar technique developed in [53]. Phase shifts induced by the
Pyrex and the vacuum chamber environment were determined by transmitting the interferometer
signal through the electrodes with no plasma present. The resulting | and Q signals were recorded
and are indicated by Ine and Qnp in figure 2.4. The DC offset was accounted for by completely
attenuating the signal emitted in the plasma branch (block 5 in figure 2.3) and measuring the

resulting | and Q signals, Ic and Qc.
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(ICJQC)

Figure 2.4. 1Q plane showing how | and Q signals taken with plasma and without it, along with the center DC
offset, are related to one another and can be used to determine the phase shift induced by the presence of a plasma.

As shown in figure 2.4, once a measurement through the plasma is acquired (lp, Qp), it can

be used with (Ine, Qne) and (Ic, Qc) to give a trigonometric relation for 4@

AP =tan?! (u) _ tan-1 (QNP - Qc)

Ip = I¢ Inp = Ic (2.3)
This A is then used in equation (2.2) to determine ne. It should be noted that in these experiments,
because the beam was aligned to propagate through the central region of the plasma, L was
assumed to be equal to the diameter of the electrodes. Using this calibration technique yielded a

resolution in the ne measurements of 108 cm™ and the overall uncertainty of around 25%. The

uncertainty was estimated by comparing multiple measurements acquired under similar conditions.

2.4  Experiment Results and Discussion

Consider the voltage and current at the plasma electrodes during each pulse emitted from the high
voltage pulser. In the raw BCS data presented in figure 2.5, it is clearly seen that the initial HV
pulse occurs at 0 ns and the first reflection from the plasma electrode system occurs at about 300 ns.
The reflection occurs because the impedance of the plasma electrode system is not equal to the

50 Q impedance of the cable. Also, the signal attenuates as it travels down the cable.
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Figure 2.5. Raw BCS data indicating pulse reflections in the system.

By the procedure described in [51], the actual voltage and current at the plasma electrodes
was reconstructed from the BCS data. More attention was paid to the first plasma pulse profile, as
it contains more than 90% of the energy delivered to the plasma. The pulse’s measured voltage
and current profiles are shown in figure 2.6 from which it is evident that the applied peak voltage

was 790 V and the peak current was 9.8 A.
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Figure 2.6. VVoltage and current profiles of the first plasma pulse.

The measured time-resolved electron density in argon and nitrogen plasmas at various

pulse repetition rates are shown in figures 2.7a and 2.7b, respectively. It is clear that ne increases
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with PRF for both gases. For argon, the quasi-steady average of the measured ne changes from
1.8x10%° cm at a PRF of 30 kHz to 2.0x10% cm™ at a PRF of 75 kHz, and for nitrogen, the quasi-
steady average of the measured ne changes from 6.7x10° cm™ at a PRF of 30 kHz to 1.4x10'° cm™®
at a PRF of 75 kHz. The reason for this is simple: the total amount of power applied to the plasma
increases with PRF which results in a larger ionization fraction and therefore a higher ne for a

given pressure.

3.04 (1) 147 (1)
2.8
2 1.24.(2)
2.6 @
§ 24 § 104 3
T 2.2 S
< >
% 50 % 0.81
1.8 - —— (1) 75 kHz (4)
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(39 45kHz —— (3) 45 kHz
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Time, ps Time, ps
(&) Argon (b) Nitrogen
Figure 2.7. Electron number density vs time in (a) argon and (b) nitrogen plasma at different PRF for p=3 Torr,

m=1.45 g/min.

Another way of looking into this is to note that operating at high PRF reduces the time for
recombination processes to proceed between the pulses. Therefore, the relative change in ne
between consecutive pulses decreases when operating in the quasi-steady regime, (i.e. when the
average ne remains constant as pulses are applied). This phenomenon is more clearly observed by
examining the measured inverse electron number densities for both plasmas presented in figure
2.8a and 2.8b.

Analysis of these measured profiles can provide insight into the dominant recombination
mechanisms. Estimates show that in the conditions of the experiments the ambipolar diffusion is

too slow to account for the observed decay of electron density. Then, for a quasi-neutral plasma,
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the number density of ions, ni, is approximately equal to that of the electrons, and in the absence
of ionization between the pulses, the continuity equation considering only two-body recombination
can be written as

dn, _ _ 2
dt - _ﬁneni - _ﬁne (2.4)

where g is the two-body dissociative recombination rate coefficient. If § = const, then the
solution shows a linear relation between the change in 1/n, and t

1

Ne(t) Mep

+ Bt (25)

where n, , is the initial electron density at t=0, corresponding to the moment immediately after

the pulse. Therefore, it is useful to analyze the reciprocal of electron number density.
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Figure 2.8. Inverse electron number density as a function of time in (a) argon and (b) nitrogen plasma at different
PRF for p=3 Torr, rh =1.45 g/min.

From figure 2.8a, it is evident that at pulse repetition frequencies of 30 and 45 kHz for
argon, a distinct transition in recombination rate occurs at 16 us. Prior to this time, changes in
1/n, are minimal while afterwards 1/n, appears to linearly increase with time indicating a

second-order decay of ne. In nitrogen, such transition phenomenon is not as pronounced in figure
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2.8b but a small constant region 1-3 us after the pulse does exist. After this region, 1/n, also
clearly linearly increases. Accordingly, for both gases, the effective electron-ion recombination
rate was extracted from the linear slope regions and suggests dissociative recombination as the
process responsible for the observed electron decay. The inferred rate coefficients are presented in
table 2.1 and compared with the values found in the literature.

As a first approximation, it can be assumed that the primary ions with which electrons
recombine just after the HV pulse are dimer ions, ArJ, in argon and nitrogen ions, N3, in nitrogen,
and that most of the recombination occurs when the electrons are thermalized, i.e. Te=300 K. It is
apparent that within the uncertainty of this experiment and of the ones to which g is compared,
there is an overall agreement with the rates for argon dimer ions found in literature for Te=300 K.
However, the recombination rates in nitrogen are substantially higher than the known value

2x107" cm®/s [43], indicating that cluster ions may be present.

Table 2.1. Measured dissociative recombination rates and their comparison to the literature data.

PRF (kHz) for B (x107 cmd/s)
Measured and reference A Nit
for Literature data rgon Itrogen
30 8.7 13.9
45 7.3 10.4
Measured 60 i 8.4
75 - 8.0
[62] 7.7-9.3 -
[63] 8.2-10.0 -
Literature data [60], <3 Torr - 2 (N29)
[60], >5 Torr - ~10 (N3*, N4")
[58], 3 Torr - 10-20 (N4")

This is supported by the fact that the recombination rates measured agree with those typical

of cluster ions. Indeed, at 3 Torr, in the process N;” + N, + N, = N} + N,, the time that it takes
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the concentration of N to be reduced by a factor of €=2.72 as it converts to N;', tus, is ~1ps as
determined by the rate constant found in [58]. Consequently, in 2-3 ps, the concentration of N7
drops by a factor of 10 at which time most of the ions are N}. The recombination rate of these
cluster ions is known to be 2 x 10 (300/T¢)%° cm?/s [58], [60]. At T of 600-1900 K, the predicted
rate matches the experimental nitrogen recombination rates given in table 2.1. This suggests that
the electrons cool to these temperatures in a few microseconds, which is consistent with the time
dependent electron temperature decay modeled in [58] for nitrogen plasma at 3 Torr.

From table 2.1, it is also evident that as the PRF is increased, the measured recombination
rate decreases. This implies that the time-averaged electron temperature should increase with PRF,
as can be expected.

In argon, on the other hand, at electron temperatures of ~3 eV or lower, the electron energy
relaxation is mostly due to elastic collisions with argon atoms. The characteristic time of electron
thermalization in argon plasma (i.e. the time in which the difference between the electron and gas

temperatures reduces by a factor of e) can be estimated as [43]

1
te=3 5 (2.6)
where v,, is the electron-molecule momentum transfer frequency, and & is the mean fraction of
electron energy transferred to a molecule in one collision. For argon, § = 2m/M = 2.74 x 107>
[43], where m and M are the masses of electron and atom, respectively. Therefore, in 6-8 us the
electron temperature should drop from ~3-5 eV or so in the pulse to a fraction of eV. However,
subsequent electron temperature relaxation in argon should be very slow due to the Ramsauer-
Townsend minimum in the electron transport cross section at electron energies on the order of
0.1 eV. Thus, the full thermalization of electrons in 16 ps implied by the experimental data in

argon could mean that in the experiments some molecular impurity in argon was present, possibly
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due to outgassing from the acrylic caps of the chamber. Moreover, the formation o Ar;"through
ion conversion Ar* + Ar + Ar — Ar; + Ar has a rate constant of 2.5 x 103! cm®/s [64]. At a
pressure of 3 Torr, tie for Ar,” formation is =400 ps, much longer than the 16 ps it takes to
transition to a faster recombination rate in figure 2.8a. Therefore, additional recombination
mechanisms, possibly involving molecular impurities, should be considered to better understand
the observed transition in rates in the data. Detailed analysis of these possibilities, as well as
detailed kinetic modeling of electron temperature relaxation and number density decay, has been

performed.
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3. KINETIC MODELING

Large portions of this chapter were reprinted from V. Podolsky and S. Macheret, “Plasmas
sustained by repetitive nanosecond pulses: recombination mechanisms in Ar with trace amounts
of H20,” Plasma Sources Sci. Technol., vol. 28, no. 5, p. 055008, 2019. © 10P Publishing.
Reproduced with permission. All rights reserved.

3.1 Kinetic Model Introduction

High-voltage (HV), repetitive, nanosecond pulses can efficiently generate plasmas with high
electron number densities, ne, and large quantities of excited species [45]. By utilizing high pulse
repetition frequencies (PRF), the decay of charged species between the pulses can be minimized,
thereby producing a periodic quasi-continuous plasma [45]. One emerging application of such
plasmas is to plasma antennas. Conventional DC and RF plasmas have electron temperatures, Te,
on the order of 1-5 eV, resulting in high levels of Johnson-Nyquist thermal noise proportional to
the charge carrier temperature (i.e. Te) [65]. Plasmas sustained by high PRF could remedy this
problem, for, in between the pulses, the electron temperature can thermalize more rapidly than the
decay of electron density. Therefore, a quasi-continuous plasma with sufficiently high electron
number densities and low mean electron temperature can potentially be utilized to produce a low-
noise plasma antenna.

To investigate the decay of such a plasma, microwave interferometry experiments on argon
and nitrogen plasmas sustained by 800 V, 3 ns FWHM pulses at PRF = 30 -75 kHz at a gas pressure
of 3 Torr were performed in [66]. An initial analysis of the nitrogen plasma showed that the quick
thermalization and subsequent decay could solely be explained by the dissociative recombination
of N4*. However, a similar analysis of the argon plasma results suggested that the rapid
thermalization and the decay of electron density could only be explained by the presence of

molecular impurities. It is believed that these impurities were introduced via outgassing and

45



permeation through the acrylic walls of the vacuum chamber. Acrylic is known to be a readily
hygroscopic material, and therefore it is believed that trace amounts of H>O were likely present.

We have also explored the possibility of nitrogen and oxygen as molecular impurities but
determined that they could not explain the measured decay rates. The dissociative recombination
rate of No" and O>" are too slow compared to the measured experimental rates in argon plasma.
Cluster ions of these species have the appropriate recombination rates but since only trace amounts
of these impurities (<0.1%) could have been present, the formation of these cluster ions was
unlikely. Dissociative attachment and three-body attachment to oxygen and water was considered,
but these processes were also found insignificant at a pressure of 3 Torr.

Therefore, we have developed a kinetic model to understand the experimental results in
argon and the effect of water vapor as a molecular impurity in the afterglow of a pulse. In the
subsequent section, we first describe the key assumptions and list the relevant ion conversion and
electron-ion recombination processes. We then describe the electron energy equation with
processes involving both Ar and H2O. Then we explore which argon-electron recombination
mechanisms would be possible on the time scale between the ionizing pulses and formulate the
rate equations for the argon and water ions. The final rate equation of electron recombination is
then derived incorporating the dominant processes involving argon species and the added influence
of water species. Finally, the kinetic model incorporating the energy and rate equations is

compared with the experimental data.

3.2 Model Description

In creating the model, the following assumptions were made. A 0-D approximation was used since,
under the experimental conditions, it can be shown that the fast electron heat conduction

equilibrates the electron temperature throughout the centimeter-scale plasma in approximately 100

46



ns or so after the culmination of a pulse. The electron-ion densities can also be assumed quasi-
uniform within the quasi-neutral plasma, and the effect of ambipolar diffusion can be incorporated
via an effective loss rate (see Section 3.4 and [43]). A Maxwellian electron energy distribution
function (EEDF) was used when computing electron-molecule collision frequencies. Such an
EEDF is appropriate, for after a pulse, the electrons would have sufficiently low energy and the
influence of the high-energy tail of the EEDF should be insignificant. In solving the electron
energy equation, it was assumed that the gas temperature, T, remains constant at 300 K, consistent
with low average energy input in [66]. The reactions considered to explain the observed rate of

electron recombination between pulses are given in table 3.1

Table 3.1. Reactions considered in this model. The reactions marked in bold font were shown to be negligible for
electron recombination at the experimental conditions [66].

Reaction

Process

Rate Coefficient (cm%/s), #(cm®/s) Ref

Ar Reactions
(R1) Stepwise lonization

e+ Ar* - Art + 2e

ky =1x10"1°T3exp(—4.16/T,)  [67]

(R2) Ar,* Dissociative Recombination e+ Ar," — Ar* + Ar k, = 9.8 x 1078(T,) 061 [63]
(R3) Recombination e+ Art - Ar* ks = 4.0 x 10713(T,) 70> [67]
(R4) Ar" De-excitation e+Ar* - e +Ar+ As ky = 1% 10711(T,) 7075 [67]
(R5) Three Body Recombination ete+Art > Ar +e ks* = 5.0 x 10727(T,)*5 [67]
(R6) Ar,* Formation Art + Ar + Ar - Ar,* + Ar ke" =2.5x10731 [67]
(R7) Metastable Associative lonization ~ Ar* 4+ Ar* - Ar* + Ar +e k, =5.0x 10710 [67]
(R7a) Ar* Quenching by H,0 Ar* + H,0 - Ar + H,0 k;q = 4.8x10710 [68]
H20 Reactions
(R8) Ar* ,H,0 Charge Exchange Art 4+ H,0 - H,0% + Ar kg =7 % 10710 [69]
kg, = 1.5 x 10710 [70]
(R9) H,0™ lon Conversion H,0% + H,0 - H30* + OH kog = 1.85x 107° [69]
kop = 1.30 x 107° [70]
(R10) H,0*Dissociative Recombination ~ H,0* + e — products kio = 6.9 x 1078(T,)%° [69]
(R11) H;0*Dissociative Recombination ~ H3;0* + e — products ki1 =9.9 x 1078(T,)°7 [69]
(R12) ArH* Formation Ar*t + H,0 -» ArH* + OH(X) ki, =131%x107° [70]
(R13) ArH* lon Conversion ArH* + H,0 - Ar + H;0* ki3 =4.9x107° [70]
(R14) H* Formation Ar* + H,0 - H* + OH + Ar ks =31x10710 [69]
(R15) H*, H,0 Charge Exchange H* + H,0 - H,0" + H kis =69 x107° [69]
(R16) OH* Formation Ar*t + H,0 > H+ OH* + Ar kig =4.2x10710 [69]
(R17) OH*,H,0 Charge Exchange OH* + H,0 - H,0" + OH ki; =15x107° [69]
(R18) OH* lon Conversion OH* + H,0 - H30" + 0 kg =13 x107° [69]
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In modelling the interaction of argon ions with the water vapor impurities present, we
considered two sets of reactions and corresponding rates— one set from [69] and the other from
[70]. It was found that utilizing each set independently yielded good fits to our experimental data
at similar concentrations of H20O. Therefore, unless otherwise noted, we focus our discussion on
the reactions and rates presented in [69]. Note that the H.O" and H3O™ dissociative recombination
rates (ko and ki1) were taken only from [69] as the rates for these processes provided in [70] are
not given as function of electron temperature.

The processes of electron attachment can be neglected in the conditions of experiments [66].
Indeed, dissociative attachment processes e + H.O—OH + H', e + H2O—H2 + O, and e +
H>O—OH + H (reactions R83, R84, and R85, respectively, in [69]) have high energy thresholds
of 6.1-7.6 eV (R83 and R84 of [69]) and a low pre-exponential factor (R85 of [69]). Since the
electron temperature is low during most of the time between the pulses, this leads, in combination
with the low concentration of H2O, to electron losses in attachment being significantly lower than

those due to recombination with H3O* (cf. figure 3.7).

3.3 Electron Energy Equation

In the afterglow of a pulse, because reaction rate coefficients depend on Te, it is necessary to model
the behavior of the electron temperature. The time dependent decay of Te can be obtained by
solving the average electron energy equation: we have included elastic collisions of electrons with
neutral argon atoms, the excitation of argon to an excited electronic state, and the excitation of the
rotational as well as vibrational modes of water molecules. This equation can be written as

1 —exp <—Aeel (% — %))] (3.2)

dr,
dt

2
= _(Te - T) 5Vm - §VelAgel
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- _VrotAgrot

1 1
3 Lo (‘ (T‘i))]
2 1 1
_ §vvib.5Agvib,s [1 — exp <_Agvib,s (7 — T_e)>

2 1 1
- gvvib,bAgvib,b 1—exp| —Agyps (7 - T_e)

where § is the mean fraction of electron energy lost per elastic momentum-transfer collision, v,,

is the electron-atom momentum transfer collision frequency, v,; is the frequency of electronic
excitation of argon atoms, and 4e,, is the energy of the argon electronic state. We only consider

transitions to and from the first argon excited state, 4¢,;,=11.55 eV [71]. For the electron energy
lost in elastic collisions, § = %m where m and M are the electron and atom mass, respectively, so

that § =2.74 x 10 for argon [43].

The collision frequencies of electrons with water molecules that cause excitation of H20
rotational, vibrational stretching and vibrational bending modes are v, , Vyips, Vuinp
respectively. The corresponding threshold transition energies from the ground to the first rotational
(/ = 0 —» 1) and vibrational level (v = 0 — 1) are Ae,¢, A&yip s, Ayip p, the values for which are
Ag,or = 0.0046 eV, Aeyy, s = 0.4595 eV, and Ae,,;, ,= 0.1977 eV [72]. The value used for Ae,;,
is an average of the symmetric and asymmetric mode quanta. To obtain the forms of the electronic,
rotational and vibrational terms in the energy equation (3.1), we used the detailed balance principle
so that when T, = T, the system is at equilibrium and no energy exchange occurs.

In equation (3.1), it was assumed that not only the rotational, but also vibrational
temperatures of H>O are equal to T because (a) the vibrational relaxation of H20O in collisions with
Ar is very fast, with the room-temperature rate coefficient of about 3x10™*® cm®/s [73], (b) due to

the low electron temperature during most of the time between the pulses (see the results below),
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the time-averaged rate coefficient for electron-impact vibrational excitation does not exceed

~10" cm?/s, and (c) the ionization fraction is low, on the order of 10”. Simple calculations show
that for the conditions of the experiments [66], the vibrational temperature of the bending mode of
H-O is very close to the room temperature, while the temperature of the stretch modes is about
600-700 K. Since the characteristic temperature of the stretch modes is about 5300 K, the
population of vibrationally-excited states in the stretch modes is negligible as if it would have been
had the vibrational temperature been fully equilibrated with the gas temperature. This justifies the
assumption of full vibrational equilibration of water molecules in the conditions considered in [66]
and in this work.

For argon, electron-ion collisions should not play a significant role as an electron energy
loss mechanism since the ionization fraction in the experiments [3] is on the order of 10~7 for
ne ~101° cm=3at 3 Torr.

Evaporative cooling of electrons as a mechanism of thermalization was also considered. In
equation (6) of [74], the authors derived an expression for the characteristic time, z., of this process,

1 dT,

-1
. dt) . In [74], the 3D geometry was that of a cube with the side length L=50

defined as 7, = (

cm. In contrast, in our experiments [66] the geometry was that of two parallel discs, the spacing
(L=2 cm) between which was much smaller than the disc diameter making the diffusion processes
essentially one-dimensional. Therefore, for our conditions, the characteristic time, z;, computed
with equation (6) of [74] should be multiplied by a factor of 3. We thus estimated this characteristic
time for our experimental conditions [66] at 3 Torr (a factor of 400 higher than that considered in
[74]), and for Te=3 eV, 1 eV, 0.5 eV, and 0.2 eV, we obtained 7.=40 ps, 120 us, 234 us, and 567
us, respectively. Since 7., indicates the time in which the temperature will drop by only a factor of

e=2.718, evaporative electron cooling at these temperatures cannot explain the complete
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thermalization of electrons to room temperature within the ~16 ps observed in our experiments
[66] (see also figures 3.3, 3.4, and 3.5 and the discussion in section 3.5.2 below) and is substantially
longer than the period between two pulses (33.3 us) [66]. Moreover, as shown in [75], the model
developed in [74] overpredicts the rate of evaporative cooling of electrons, and thus the actual
characteristic time z. is even longer than estimated, indicating that evaporative cooling of electrons
does not play a role under our experimental conditions.

Superelastic collisions of electrons with metastable argon atoms (R4), Ar*, were also
considered since energy that can heat the electrons is released as the metastable atoms return to
the ground state. To understand if such heating of electrons is significant, consider a comparison
between this process and the rate of electron temperature decay through elastic collisions with
argon at T, = 1 eV. Assuming T, > T, and approximating v,, ~ 1.59 x 101° s™1 at p =3 Torr

[43], the rate of T, decay for elastic collisions can be estimated to be 4.36 x 10> eV/s. The rate of
electron heating can be estimated by § king-Ac* where Ae* = 11.55 eV is the energy released per

superelastic collision and n,,- is the number density of argon metastable atoms. At the same T,
even assuming n,,+ ~ 1011 cm~3(the highest conceivable value, estimated for pure Ar plasma),
this heating rate is only = 8 eV/s. Comparing these two estimations, it is clear that electron
thermalization even in elastic collisions dominates any superelastic heating by five orders of
magnitude. Therefore, even if the electron temperature and n,,- are each an order of magnitude
higher, decay through elastic collisions would still dominate. As such, superelastic collisions are
insignificant.

To solve the energy equation, it was necessary to incorporate the concentration of H,O

within the collision frequency terms:
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Vel = (1 = Y)N{(Om e1Ve) (3.22)

Vrotwib = nHzo(Urot,vibVe) = XN<0'rot,vibUe> (3.2b)
where v, is the velocity of electrons, ny, o is the number density of water, y is the mole fraction
of H,0, and g, ¢1 rot vip 1S the cross section for collisions of electrons with argon and water for
the relevant process indicated in the subscript. In equations (3.2a) and (3.2b), N = n,,. + ny,, and

is the total number density of particles at the experimental pressure and temperature.

When computing the collision frequencies as functions of T,, the fit of the momentum
transfer cross section was taken from [76], the electronic excitation cross section for argon was
obtained by fitting data from [71], while the rotational and vibrational cross sections of water were

obtained by fitting the data presented in [77].

3.4 Continuity Equation
The recombination of electrons and ions in the afterglow between the pulses is governed by the
continuity equation

on

T = 3.3
at+VF q (3.3)

where n is the electron and ion number density, g is the source term which includes all of the
processes responsible for electron and ion production and decay, and I" is the diffusion flux term
given by I' = —D,Vn where D, is the ambipolar diffusion coefficient. As recommended in [43],

the continuity equation can be reduced to zero-dimensional one by using the approximation

D,Vn = — %n, which is used in our model. The inverse square of characteristic diffusion length,
D

1/A%, was estimated as described in [43]. For an electrode spacing of 2 cm and side lengths of
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10.16 cm (the geometry of the experiment [66]) 1/4% was found to be 2.66 cm™2. Note that the
drift term was not included in equation (3.3) as there is no electric field in the plasma afterglow.
The ambipolar diffusion coefficient is determined as [43]

Dou; + D;
D, = el ille (3.4)
Ue + Ui

where D, and D, are the electron and ion diffusion coefficients, while u, and u; are the electron
and ion mobilities, respectively. D, and D; are given by the Einstein relations. p, is related to v,,
by [43]

. q
Ue = mov,, (3.5)

where q is the electron charge. The ion mobility u; was calculated [78] as the weighted average of

the mobilities of all ions present in significant concentrations. The reduced mobilities of the key
2 2 2
ions are:  pg,+=1.52 % [68], yaAr;=1.83% [68], 1gm,0r =2.92 % [79],

2
Ho,m,0+ =2.71 % [79]. These values were taken from the indicated references for an electric

field of 0 V/cm and used with experimental pressure and gas temperature to determine the

corresponding mobilities.

3.4.1 Rate Equations

The full continuity equation characterizing the decay of n,,.+ is

dnAT+ . 2 2
- kineNars — kaneng+ — kg ngpap+ — ksngng+ — (kg + kig + kie)Np,0 Nap+
_Da (3.6)
ADZ Ar

It is possible to simplify this expression by comparing the characteristic time, t, of each process at

high and low T,. The characteristic time T is the amount of time it takes the density of a species to
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fall by a factor of e. Numerical estimates indicate that the characteristic times for R1, R3, and R4
are much longer than that of R5. Comparing ambipolar diffusion to Ar* ion conversion indicates
that at T, < 2 eV, ion conversion dominates. Due to the presence of electron energy loss through
electronic excitation of argon at high T,, the electron temperature is expected todropto T, < 2 eV
within 1-2 microseconds after the pulse. Therefore, ambipolar diffusion can be neglected.
Applying these simplifications to equation (3.5) gives

dnAT+
dt

= —keng,nap+ — (kg + kqa + ki6)npy,0 N+ (3.7)

Regarding argon dimer ions, under the conditions of the experiment [66], the production
of Ard is due to the Ar* ion conversion (R6). Ambipolar diffusion is negligible since it is
comparable to Ar} dissociative recombination (R2) only at T, > 1 eV, i.e. only within ~1 ps after
the pulse. Combining these mechanisms gives a simple rate equation describing the decay of argon
dimer ions

dTlAr2+
dt

= kengrnar+ — kaneny, + (3.8)

It is also important to consider the role of metastable ions in the afterglow. The
characteristic time of stepwise ionization (R1) as a loss mechanism for Ar* is comparable to or
less than the characteristic time of metastable associative ionization (R7) only at electron
temperatures of at least 5 eV for the electron number density measured in this experiment. Such
high T, are expected to be present only during the pulse. Similarly, Ar* de-excitation (R4) only
plays a role for metastable destruction at unrealistically high T,. Therefore, R7 and R7a dictate the
decay of Ar* by

dnAr*
dt

= —k7nf1r* — k7aNarNy,0 (3.9)
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The rate equations involving water related species are given in equations (3.10)-(3.13). In
general, the presence of H,O in the argon plasma causes the formation of H,O% as well as the
direct and indirect formation of H;O%, both of which can in turn recombine with electrons. We
will show that under the conditions of the experiment [66], dissociative recombination with H;O*

will serve as the main loss mechanism of electrons.

dnH 0+
207 _
- kgnyp+ny,o + kisny+ny,o + ki7Nop+Ny,0 — kKioNeNpy, o+ (3.10)
Dq
— kony,o+Ny,0 — —3 Np,0+
Ap
dny,o+ D, 3.11
d; = k9nH20+nH20 + kigNy,oNop+ — k11nenH30+ - A_Z Ny,o+ ( )
D
dn0H+ Da 312
= k16nH20nAr+ — (k17 — kls)nH20n0H+ ———2Nopt ( )
dt Ap
dTlH+ Da
—_— = k14nH20nAr+ - lenHZOnH+ ) ny+ (313)
dt Ap

Lastly, we derive the rate equation governing electron recombination between pulses. The
main electron loss processes were found to be dissociative recombination with Ar}, H,O", and
H;O*, with ambipolar diffusion playing a role in < 1 ps just after the pulse. Since the ion
conversion Art — H,0% —» H;0% occurs rapidly, and H;O" will be the dominant ion in the
afterglow under the experimental conditions [66], the ambipolar diffusion coefficient can be
determined using the mobility of H;O". (Additionally, there is little difference in the mobility of
H;O" and the other ions present). Electron production through metastables is also incorporated by

dTLe Da
dr kMg — kznenAr2+ — kioNeny, o+ — k1aNeNy o+ — A2 U (3.14)
D

Calculations with the highest conceivable density of metastables (expected in pure Ar)
na = 1 X 10! cm3, showed that even at this high metastable density the reaction (R7) does not
play any significant part in the electron balance in the afterglow. Since the density of metastables

is likely to be much lower due to the fast quenching by H-O in (R7a), the processes involving Ar®
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can be disregarded for the purposes of this work. The simplified electron density decay equation
can then be written as

dne Da
T —kaNeNyy,+ — k1oNeNy, o+ — k11MeNp0r — —3 Me (3.14.1)
Ap

3.4.2 Solving the Balance Equations

To solve the continuity equations, it is necessary to know the initial number densities of the
electrons and ions at the start of the afterglow. The initial electron number density in the afterglow,
Ne,o, IS Obtained from experimental measurements [66]. The ion initial densities were determined
in an iterative manner where the initial ion number density of the (i+1)" iteration, Nip,, . Was
determined by

ni,ol- + ni,fi

Miogyy = — (3.15)

where n; ;. and Nif, is the initial and final ion concentration, respectively, of a given ion in the
afterglow of the i" iteration.

While applying this iterative process, we assume that only Ar* is produced during the pulse
since only a trace amount of H2O exists in the gas when a pulse is applied; therefore, a slightly

different approach in the iterative technique for Ar* is utilized:

(nArgi - Ane) + Mart

: Ly an, (3.16)

Marg =

where 4n, is the measured change in electron density between the start and end of a pulse. Under
this assumption, the number densities of the other ions at the end of the afterglow are equal to their

densities at the start of the afterglow. Therefore the iterations are continued until n; ,. = Nif. and

Marg .~ An, = nArFiwhiIe enforcing quasi-neutrality within the afterglow.
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A good set of starting values for this iterative process can be obtained by approximating
the quasi-steady concentrations of the ions. To do so, the rate equations (3.7), (3.8), and
(3.10)- (3.13) are each first set to zero and a ratio of number densities is found. For example,
consider equation (3.8). Equating it to zero, the ratio of Ar;to Ar*is

2
Nyrt . kenar

_ Xeltar (3.17)
Ngr+ kane

were n, Is the experimental quasi-steady mean electron number density averaged over the duration
of a pulse. Repeating this process for the rate equations of the other ions gives their quasi-steady
ratios. These ratios were solved simultaneously while enforcing quasi-neutrality to give an initial
guess of their starting point concentrations. Note that it is still necessary to add 4n, to the initial
concentration of Ar*™ determined in this manner. In solving the system of algebraic equations for
the initial-guess ion concentrations, it was assumed that Te=T in order to compute the rate constants.
Indeed, in the following section we will show that in the presence of small amounts of water, the

electrons thermalize completely by the end of the afterglow, validating this assumption.

3.5 Results and Discussion

The electron energy equation was solved using MATLAB’s odel5s stiff integrator while the
system of continuity equations was solved numerically using Euler’s method with a time step of
2.5 ns. The time interval starts at the end of the current pulse and ends at the beginning of the
subsequent pulse. The initial electron temperature, T, ,, was chosen to be 5 eV, but additional
calculations showed no difference in the results as the initial electron temperature was varied from

leVtol0eV.
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3.5.1 Electron Temperature Decay

First, consider the solution to equation (3.1) in pure Ar, without any water impurities. Figure 3.1
compares the energy transfer through only elastic collisions of electrons with argon atoms to that
of including Ar electronic excitation by electron impact. Clearly the inclusion of electronic
excitation causes the characteristic decay time (the time in which the electron temperature drops
by a factor of e) to be reduced to 50 ns compared to 3.9 s for only elastic collisions. Consequently,
even if the initial electron temperature is in the range of 10 — 20 ¢V just after the pulse, it would

quickly relax to 1-2 eV in a fraction of a microsecond.

- Elastic Only
——w/ Electronic Excitation

Time, ps

Figure 3.1. Effect of Ar electronic excitation on the relaxation rate of electron temperature.

Once Te drops to such levels, their cooling begins to level off. Because the mass fraction §
in equation (3.1) is 2.74x107, the electrons lose a very small amount of energy in elastic
collisions with argon. This is only exacerbated by reduction in the collision frequency v since the
electron mean thermal velocity decreases with T,. A further reduction in vy is caused by the
Ramsauer-Townsend effect that results in low momentum transfer collisional cross sections at low
electron temperatures. The rate constant of electron-argon momentum transfer collisions is shown

in figure 3.2. As T, drops from 5 eV to 0.1 eV, the rate constant decreases by almost two orders of
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magnitude. Therefore, it is impossible to achieve complete electron thermalization in pure argon

at 3 Torr within 33.3 pus, the longest time between pulses in the experiment [66].

107

109 T T
0.1 1

T, eV

e’

Figure 3.2. Rate constant of electron-argon momentum transfer collisions.

The presence of water vapor enables significant reduction of this long thermalization time.
Figure 3.3 shows the solution to equation (3.1) at different water concentrations. As the percentage
of H,O is increased, there is a dramatic decrease in the time it takes the electrons to thermalize:
just 0.1% H,0 is enough to drop the thermalization time to 10 us. Such a phenomenon is due to
the electron impact excitation of the rotational and vibrational modes of H,O. For electron energies
between 0.1 and 1 eV, when argon’s momentum transfer cross section approaches its minimum,
water vapor’s (J = 0 — 1) rotational excitation cross section [77] is four orders of magnitude
larger (while its v = 0 — 1 vibrational excitation cross sections [77] are an order of magnitude
larger) than the momentum transfer cross sections in argon. These large cross sections, coupled
with the much larger energy transferred per collision, are enough to dramatically accelerate the

relaxation of electron temperature compared to the case of pure argon plasma.
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Time, ps

Figure 3.3. Computed electron temperature decay with differing concentrations of H20.

Having considered the effect of water impurities on the electron temperature, we can
investigate how the effect of small concentrations of H2O in the kinetic model affect the fit to
experimental data. The comparison here is with experimental data [66]taken with PRF= 30 kHz,
as faster pulse repetition rates show similar effects. Since the dominant electron loss process is
two-body dissociative recombination, i.e. a second-order process, it should, at a constant Te, be
described by a linear dependence of 1/ne vs time t. Therefore, the model is compared with the

experimental data plotted in these coordinates.

3.5.2 Comparison to Experimental Data

The comparison with the experimental data assuming pure argon plasma is shown in figure 3.4.
The fit is poor because, as previously explained, the electrons will not thermalize between pulses
for pure argon on the timescale of this experiment. Nonetheless, even if the electrons were to reach
room temperature, they would not experience dissociative recombination with Arj as we
previously postulated [66]. Using equation (3.17), we can determine if there would be more Ar* or

Ariions. At 3 Torr, n,=1.83x10"cm, n,,=9.65x10'6¢ cm=, and Te = 300 K, which gives

60



k2 =9.11x107 cm3/s. Under these conditions, the characteristic time for Ar* ions to convert into
ArJ (R6) is 16400 ps, much longer than the time between pulses; therefore, there are =6 times
more Ar* than Arj under quasi-steady state conditions. This indicates that the electron
recombination in the afterglow of pure argon plasma is a very slow process taking place on
timescales much longer than the time between the pulses [66].

7.5

Experimental Data

7.0 Kinetic Model

6.5 -
6.0 4
5.5 1
5.0 1

1/n,, 10" cm?

4.5
4.0
3.5

3.0

0 4 8 12 16 20 24 28 32
Time, pus

Figure 3.4. Comparison of kinetic model to the experimental data taken at 3 Torr, rh=1.45 g/min without
considering H20 impuirities.

In the presence of just trace amounts of H>O, the electron recombination changes
dramatically. Since the exact amount of water vapor in the experiments [66] is unknown and could
only be estimated not to exceed 0.1%, the water vapor concentration was varied, and it was found
that an excellent agreement with the experimental data is obtained with only (0.0415+0.001)%
(i.e. 415 ppm) H20 in our model, as shown in figure 3.5. The modeled electron and ion densities
are presented in figure 3.6. The concentration of H3zO" steadily and slowly rises until =16 us at
which time the electrons have sufficiently thermalized (cf. figure 3.3) allowing the dissociative
recombination with H3O" (R11) to dominate all other processes. From figure 3.6, it is also clear
that the total concentration of water ions (mainly HzO" and H>O") dominates the concentration of

argon ions (Ar*and Ary). Consequently, electrons are more frequently lost through recombination
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with H3O" than any other process, as seen in figure 3.7. Such phenomena can be explained as
follows.

First, consider the set of ion formation and conversion reactions in table 3.1 taken from
[69]. At 3 Torr, even with only 0.02% of H.O present, the characteristic time for Ar* to be
converted to H.O" through charge exchange (R8) is =7.1x107>s (for ksa). This is an order of
magnitude faster than Ar; formation (R6). H.O" would then either decay through dissociative
recombination (R10) or form H3O" through ion conversion (R9). Even for thermalized electrons,
Te=T, the maximum rate coefficient for (R10) is k10=4.29 x 10-7 cm®/s and 110=1x10™*s. This is
an order of magnitude slower than the 192~2.7x107°s associated with (R9) indicating that H,O" is
mostly converted to HsO", and dissociative recombination (R11) with the latter is the dominant
process by which electrons decay. This is still the case considering the reactions that indirectly
form H>O* and H30" (R14-R18).

The same analysis can be repeated using the set of reactions from [70]. Utilizing ksp instead
of Kga, H20" is formed in 1gp~3.3x10™* s which is comparable to 6. However, now Ar* would also
form ArH* (R12) with 112=3.82x107° s, about 10 times more quickly than t6. H2O" then converts
into H3O" in t9p~3.9x10° s which is still an order of magnitude shorter than its characteristic time
to experience dissociative recombination, t10. The presence of ArH* provides an additional channel
for H3O" creation through ion conversion (R13) and has 113~1x10” s, which is also ten times

shorter than t10. Thus, H3O" would still be the dominant ion with which electrons recombine.

62
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Figure 3.5. Comparison of kinetic model with the experimental argon data taken at 3 Torr, m=1.45 g/min at
0.0415% H,O0.
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10-3 T T T T T T T T
0 4 8 12 16 20 24 28 32
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Figure 3.6. Modeled electron and ion densities for argon/water mixture at 3 Torr, th=1.45 g/min with 0.0415% H.0.

63



10 -
——
10°
-
w102
"'\" —
E_ Ve, loss total
]
1014 Va,H,0
Var,",DR
~— VH,0",DR
100 - z
VH,0*,DR
— v
D
10-1 T T T T T T = T

0 4 8 12 16 20 24 28 32

Time, ps

Figure 3.7. Frequency of electron losses at 3 Torr, m=1.45 g/min with 0.0415% H,O. Initial losses are due to
ambipolar diffusion for the first ~4 us and subsequently due to dissociative recombination (DR) with H3O". Losses
due to attachment (va+20) are insignificant.

To further test the theory that trace amounts of water vapor were responsible for the
measured electron density decay profiles, the experiment described in [66] was repeated at a flow
rate of 2.90 g/min, twice that of the original at the same pressure of 3 Torr. Figure 3.8 shows the
experimental data and corresponding calculations under these conditions. Only (0.024+0.001)%
of H20 is needed to achieve a good fit of the data which is consistent with the anticipation that the
increased flow rate should reduce the residence time of impurities outgassing from the acrylic,
thereby decreasing the concentration of the impurity. A comparison of figure 3.5 to figure3.8
reveals that the minimum value of 1/ne is lower at the faster flow rate meaning that a larger peak
ne is achieved. Indeed, with less water vapor, the rate of electron recombination is slower resulting
in larger electron densities to be sustained in the quasi-continuous regime.

In order to further check the model, time-resolved electron density measurements similar
to those in [3] were repeated in argon at an increased pressure of 5 Torr but at the same PRF of
30 kHz with flow rates of 1.45 g/min and 2.90 g/min. A good agreement of the model with

experimental data is clearly observed in figures 9a and 9b (both within + 0.001%). Again, at a
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faster flow rate, a smaller concentration of H>O is needed to achieve a good fit, and the peak
density of electrons is higher, consistent with expectations. The peak electron density is lower than
that observed at 3 Torr regardless of flow rate (compare figure 9a to figure 5 and figure 9b to
figure 8). This can be explained by the fact that the nanosecond pulser peak output voltage is fixed
at 800 V, so at higher pressures the effective E/N is lower than it is at lower pressures.

7.5

] Experimental Data
7.0 — Kinetic Model
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Figure 3.8. Comparison of kinetic model with experimental data taken at 3 Torr, 0.024% H>0, m=2.90 g/min.
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Figure 3.9. Comparison of kinetic model with experimental data taken at 5 Torr.
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3.6 Conclusion

A kinetic model was developed to understand the dominant electron recombination mechanisms
in the afterglow of a plasma sustained by repetitive nanosecond pulses in argon with small amounts
of water impurities.

In pure Ar at p=3 Torr, formation of dimer ions takes about 400 us, more than an order of
magnitude longer than the interval between the ionizing pulses, and thus most of the ions are Ar.
Moreover, following the pulse, after an initial rapid drop in electron temperature to 1-2 eV due to
excitation of Ar metastables, the subsequent electron temperature relaxation is due to elastic
collisions only and is therefore extremely slow (on the order of seconds).

Our model and its comparison with the experimental data demonstrate that even trace
amounts (less than 0.1% by volume) of water vapor in Ar dramatically change the mechanism as
well as the rates of electron thermalization and recombination. Ar* ions are rapidly converted to
H3O* (with H,O" as an intermediate species in the process), and the dissociative recombination
with H3zO" becomes the dominant electron loss mechanism. Electron-impact excitation of
rotational and vibrational levels of water molecules accelerates the electron thermalization by
orders of magnitude, with full thermalization to room temperature taking only 10 us at p=3 Torr
and 0.1% of H20.

These findings underscore the need for precise control of gas purity in future experiments
similar to [66]. On the other hand, the findings show that controlled addition of water vapor (and
perhaps other species) to noble gases such as argon can be used, together with the repetitive-pulse
ionization technique, to create plasmas with reasonably high electron density and low time-

averaged electron temperature.
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4. CONDUCTIVITY AND PERMITTIVITY IN THE PLASMA
AFTERGLOW

Recall that the conductivity of a plasma is defined as

w.
_ P
7= fotm a2 (4.2)
and the permittivity as
2
w.
1 _ 14
& =1 w? +vZ (4.2)

For these plasma properties, there exists a dependency on wp, vm, and w. In the afterglow of a
plasma, ne and Te decay causing a reduction in wp and vm. The decay of these parameters occurs at
different rates. Consider the case of a quasi-steady plasma sustained by ns pulses where, between
pulses, it is possible for Te, to fall more rapidly than ne. Under these conditions, v drops at a rate
much faster than the electrons recombine, and, so long as w<vm, at the completion of a pulse, o
would increase as vm approaches e in the afterglow while & would decrease. Using the
experimentally measured ne decay in argon plasma presented in chapter 2.4 and the corresponding
decay of Te determined from the kinetic model presented in chapter 3, it is possible to derive the
conductivity and permittivity in the afterglow of the experimental conditions. The theoretical

behavior of ¢ and & in the afterglow of pure argon was also explored in Appendix A.

4.1 Model Description

In determining o(T¢) and &r(Te), it is necessary to know v,,, (T ). For a mixture of species i, vm(e) is

defined as

V(&) = v(e) ) Nyay(e) “3)
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where N is the number of gas molecules, on is the electron-molecule momentum collision cross

section, and v= \/% is the electron speed with mass m. Accounting for the presence of both water

and argon present in the experiment, equation (4.3) gives

vm(e) = v(e) [NAer,Ar(g) + NHZO (Gm,HZO(g) + Ginelastic,HZO(S))] (4.4)

Typically, to find vm(Te) equation (4.4) is averaged over the Maxwellian EEDF. However,
since 4.1 and 4.2 are nonlinear functions of vy, substituting vm(Te) determined in such a manner
directly into those equations would not correctly give o(Te) and &r(Te). Instead, equation (4.4) must
be inserted into equations (4.1) and (4.2) to give a(¢) and &(¢) which can then be averaged over

the Maxwellian EEDF, f{¢), to obtain o(Te) and &r(Te):

o(T,) = f " eovm(®) (—“’5 )f(e)de (4.5)
0 w? +vZ(e)
[e'e) (‘)1%
& (Te) = fo (1 - m) f(e)de (4.6)
where
1

2 £ 2 &

f&) == (—me)s)z exp (- _kTe> @.7)

4.2 Results and Discussion

Equations (4.5) and (4.6) were solved numerically in MATLAB based on experimentally measured
neand corresponding modeled Te for data obtained at 3 Torr at PRF=30 and 75 kHz in argon plasma
with 450 ppm of water impurities. The resulting a(t) and &,(t) (since Te(t)) in the plasma
afterglow are presented in figures 4.1 and 4.2, respectively, at three different radio frequencies of
30, 100, and 300 MHz. Each of these two figures also shows the corresponding decay of ne and Te.
From figure 4.1, it is apparent that in the afterglow for both PRFs=30 kHz and 75 kHz, at all

frequencies there is an initial rapid increase in conductivity after the pulse. At the pulse ends, the
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rapid decrease in electron temperature due to the excitation of argon metastables causes a
significant reduction of the electron-momentum collision frequency. Such a process occurs almost
instantaneously (<1 ps) compared to the onset of electron recombination causing this apparent
immediate increase in conductivity.

After this initial rise, further thermalization ultimately causes an order of magnitude
increase in conductivity at f=30 MHz for both PRFs. At f=100 MHz, ¢ initially increases and then
remains relatively constant for the duration of the afterglow. However, at f=300 MHz, after the
conductivity experiences a small initial rise, it experiences a slow decay since now v < in the
afterglow. The conductivities at PRF=75 kHz are higher than those at PRF=30 kHz due to the
larger electron densities achieved. Moreover, the conductivity leveling off for all frequencies as
seen at PRF=30 kHz occurs due to the electrons having completely thermalized (see the Te plot)

meaning the collision frequency seizes to change.
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Figure 4.1. Conductivity for RF=30 MHz, 100 MHz, and 300 MHz in the afterglow of argon plasma. The
experimentally measured ne and corresponding modeled T. correspond to plasma at 3 Torr argon with 450 ppm of
H.0.
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From figure 4.2, it is apparent that in the afterglow for both PRFs=30 kHz and 75 kHz, at
all frequencies there is also an initial rapid decrease in permittivity after the pulse for the same
reason there was an increase in conductivity as previously explained. However, the initial fall in
er after the pulse is by two orders of magnitude, much more pronounced than in conductivity.

After this drop, further thermalization ultimately causes approximately another order of
magnitude decrease in conductivity at f=30 MHz for both PRFs. Interestingly, for PRF=30 kHz, a
minimum occurs at = 13 ps. This is due to the electron temperature being low enough that the
Ramsauer-Townsend effect in argon is overcome and the collision frequency begins to increase
again. At f=100 MHz and =300 MHz, permittivity continues to decrease before remaining
constant for the duration of the afterglow after thermalization occurs. The permittivities at
PRF=75 kHz are lower than those at PRF=30 kHz due to the larger electron densities achieved.

Such results show that interesting operation regimes for plasma electronics may exist in
the afterglow of a pulsed plasma, particularly at frequencies up to a couple hundred MHz for
conductivity and perhaps up to a few GHz for permittivity. In the case of conductivity, such results
may allow plasma electronics to be sustained with smaller power supplies without sacrificing
performance. In the case of permittivity, a plasma device (such as an electrically short plasma
antenna) may be better electrically matched by controlling at what time in the plasma afterglow

and in what frequency range it operates.
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Figure 4.2. Permittivity for RF=30 MHz, 100 MHz, and 300 MHz in the afterglow of argon plasma. The
experimentally measured n. and corresponding modeled T. correspond to plasma at 3 Torr argon with 450 ppm of
H,0.

71



5. COST OF IONIZATION

5.1 Introduction

In recent years, extensive research was performed on plasmas generated by high-voltage,
nanosecond-duration, repetitive pulses for applications such as plasma-assisted combustion,
aerodynamic flow control, and plasma electronics [50], [66], [80]-[82]. By varying the pulse
parameters of the applied peak voltage and pulse repetition frequency, it is possible to manipulate
the chemical species, excited states, and electron density in the plasma. A key benefit of utilizing
these pulses for plasma generation is their low power budget, with the ionization cost per electron
approaching the theoretical Stoletov's minimum [45], [83], [84].

The power budget per unit volume, Pg, of sustaining a discharge driven by high voltage,
repetitive pulses is given by

Py =Y;-An, - PRF (5.1)

where Y; is the ionization energy cost per electron, An, is the number density of electrons created
per pulse, and PRF is the pulse repetition frequency. Since the number density of electrons the
discharge needs to sustain depends on the application, the PRF and ionization cost are the two
parameters that can be experimentally controlled to reduce the power budget. All other parameters
held constant, it is important to operate at a PRF that matches the overall loss rate of electrons (due
to recombination, attachment, diffusion, etc.) in the pulse afterglow [45], [83], [84]. Doing so
enables a regime in which a quasi-steady plasma is created as depicted in figure 5.1 and
investigated in [66]. Since electron recombination, attachment, and diffusion rates are functions of
gas pressure, the optimum PRF varies directly with pressure [83].

Even if the PRF is ideally chosen, the power budget can still vary by orders of magnitude

depending on the energy cost of ionization, i.e. the mean energy required to produce a new electron
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in the discharge. A theoretical analysis of ionization cost as it relates to the Townsend ionization
and secondary emission coefficients as well as both the voltage drop across the cathode sheath and
bulk plasma is presented in [45]. Using the Townsend ionization coefficients, it is easy to generate
a curve of Y; as a function of E /N [45], where E is the electric field strength and N is the number
density of the gas. This relation is shown in figure 5.2 for both argon and air along with the
corresponding theoretically minimum ionization cost at the Stoletov’s point (41 eV for argon and
66 eV for air). For each gas, there is an well-defined E/N that corresponds to this minimum. If E/N
deviates from this minimum by a factor of 10, the ionization cost increases by 2-3 orders of
magnitude. Therefore, it is imperative to understand and operate in the proper ionization regime
to minimize the ionization cost and the overall power budget.

Investigating the mechanisms which yield the lowest low ionization costs is difficult due
to the complex dynamics and kinetics of such plasma. Macheret et. al. modeled conditions at 10
Torr and compared them to experimental results in air [45]. They found that since most of the
applied peak voltage falls across the cathode sheath, the E/N in this region is extremely high, much
greater than that in the Stoletov’s point, and the corresponding ionization cost is very large. In
contrast, in the bulk plasma the electric field is much closer to Stoletov’s point resulting in much
more efficient ionization [45]. Such results are supported by the experimentally measured values
of ionization costs of 55-150 eV at pressures of 1, 5, and 10 Torr. However, the experimental

results produced were only for an applied peak voltage of 7 kV at a repetition rate of 100 kHz.
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Figure 5.1. (a) Example of a high voltage, nanosecond pulse train applied at high PRF and (b) an illustration of the
quasi-steady electron number density that it can sustain. ne decay between the pulses is relatively small, less than by
an order of magnitude.
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Figure 5.2. Theoretical cost of ionization, in eV per newly produced electron, for both argon and air as a function of
applied E/N. The dashed line indicates each gas's Stoletov's point and corresponding cost.

74



The present experimental work expands on these previous results and aims to produce a
more comprehensive dataset to serve as a baseline for future comparison with kinetic modeling.
Our experiments were performed in argon and air at pressures of 2, 3, 5, and 10 Torr with applied

voltages of 1.5 to 7 kV pulsed at repetition frequencies of 0.1, 3, 10, 20 and 30 kHz were used.

5.2 Experimental setup

Experiments were performed in the configuration shown in figure 5.3a. Plasma was sustained
between two, parallel-plate, aluminum electrodes each having a diameter of 5 cm and each flush
mounted into an acrylic plate. Three ceramic spacers were inserted into counter-bored holes on the
acrylic to align the electrodes and set the spacing between them to 2 cm. The acrylic plates are
clamped using all-thread through the spacers fastened with nuts on each end. The top acrylic plate
also serves as the cap of the vacuum chamber: it has a groove into which a face seal fits allowing
the assembly to rest on top of, and seal against, a Pyrex cylinder. The bottom of the Pyrex cylinder
rests on another face seal.

An Edwards E2M-1 rotary vane vacuum pump was used to evacuate the chamber and an
Alicat MC-200 was used to set the chamber pressure which was measured using an MKS Type
626C Baratron. In the argon experiments, an MKS e-Microvision PVD Residual Gas Analyzer
(RGA) was used to monitor the chamber gas species since the chamber’s face seals allows for
impurities to enter. The RGA system was able to sample the gas composition at such pressures
through a VAT-21124 dosing valve connected to a 36 in., KF16 flex hose attached to the chamber.

To generate the plasma, the central wire of the coaxial cable is directly connected to the
top electrode and the shield wire to the bottom via the all-thread. It is used to transmit nanosecond
pulses to ionize the gas and sustain the plasma inside. The FID, FPG 10-100MC2-10 nanosecond

pulser can output positive pulses of up to 5 kV at pulse repetition frequencies of up to 100 kHz. In

75



this experiment, the commanded voltages were varied from 1.5 to 5 kV and used PRF of 0.1, 3,
10, 20 and 30 kHz. Due to load mismatch, the measured applied voltage could reach in excess of
7 kV. Because this configuration tended to create coronas around the electrodes, special care was
taken to operate in the proper voltage and PRF regimes for a given gas and pressure in order to
avoid creating them.

The 58.1 GHz (0.52 cm wavelength) microwave interferometer developed and described
in [66] was used to measure the electron number density of the bulk plasma. A LeCroy 8254 M
oscilloscope was used to acquire the interferometer signals. A difference here from [66] is that the
antenna horns were placed touching the Pyrex cylinder without any lenses or apertures. This was
done to achieve a much higher signal-to-noise ratio, which was important at larger applied voltages.
A higher ratio reduces the measured phase error that otherwise occurs when stronger plasma
occludes the microwave signal and causes it to approach the system zero-point. Because the
antenna horns used have a narrow beamwidth over the length of the electrodes and an aperture size
less than the gap spacing, any reflections from the electrodes themselves should be minimized.
Using the electron number density produced per pulse, ne, and assuming plasma volume equivalent
to the 40.5 cm® volume of the space between the electrodes, it is possible to determine N, the
total number of electrons produced during the application of the j pulse. This methodology
requires the assumption that the electron number density is uniform.

The amount of energy deposited was made utilizing two different techniques: 1) a back
current shunt (BCS) and 2) a combination of a resistive divider, high voltage (HV) probe (4.7 kQ,
MS 260 Caddock resistor and a 50 Q cable) and a fast current transformer (FCT) (Bergoz
FCT-028-1.25-WB). This configuration is depicted in figure 5.3b. A LeCroy 8254 M and 735 ZI

oscilloscope were used to acquire the BCS and probe signals, respectively. With the BCS, the
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incoming and reflected pulses are easily distinguished and used to determine the voltage and
current deposited into the plasma in a manner described in [51] . Since the voltage divider and fast
current transformer are placed 3 cm from the load, reflections should have a minimal effect on
their measured values by the HV and FCT probes. From the voltage and current, the energy

deposited into the plasma could then be calculated.
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Figure 5.3. The experimental setup is in 3a while the voltage and current schematic is shown in 3b. The numbered
components are as follows: (1) FID HV nanosecond pulser; (2) LeCroy 8254 M and 735 ZI oscilloscopes; (3) back
current shunt; (4) resistive divider HV probe; (5) Bergoz FCT; (6) positive electrode; (7) electrode connected to
shield; (8) mass flow controller; (9) 10 Torr Baratron; (10) rotary vane pump; (11) gas supply; (12) dosing valve;
(13) RGA system; (14) microwave interferometry system.

To determine the energy deposited using the BCS, consider figure 5.4. Here, an incident
pulse is first generated with energy &;;5 and transmitted to the load, the electrodes with any
discharge between them. Because the load is not matched to the transmission line, a portion of this
incident energy is reflected, &; 5, and transmitted back towards the pulser instead of being absorbed
by the plasma. The design of this pulse generator is such that it cannot absorb the entirety of the

reflected pulse: another reflection of energy occurs at the pulser, &,;5, and travels toward the
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discharge cell. Again, whatever energy is not absorbed is reflected, €,5, and this process continues

until the pulse energy decays towards 0 J.

€28

Figure 5.4. Energy and direction of pulse propagation.

Each time the wave passes the BCS, it can be measured and produces the raw signal as
shown in figure 5.5. Through calibration of the raw signal to a known current source and known
cable impedance (50 Q), the raw measurements can be converted into the actual voltage and
current profiles:

_ BCSraw
Ics = 5726 (5.2)

Vees = Ipcs X 508 (5.3)
The cumulative energy, &, can then be determined by equation (5.4) and is depicted in figure 5.6.

e=[1-Vdt (5.4)
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Figure 5.5. Raw BCS signal profile. Each peak labeled with IN refers to the incident pulse onto the discharge and
with B refers to the reflected pulse from the discharge.
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Figure 5.6. Cumulative energy extracted by the BCS technique.

Since equation (5.4) gives a cumulative energy, it is necessary to determine the total

forward and reflected energies. The total forward energy of pulse j, & ¢, can be determined by

Sj,F = (ej,IN — Sj_llB)az (55)

and the total reflected energy, ¢; g, by
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_ (¢35 — &n)
GRET Tz (5.6)

where ¢; ;y is the incident energy of the pulse traveling from the pulser, &;_; gis the reflected
energy of the previous pulse from the discharge cell, ¢; g is the reflected energy of the current pulse
from the discharge cell, and « is the one-way attenuation of the transmission line. o is determined
by comparing the magnitudes of the incident and reflected pulses onto the discharge cell with no
plasma present (i.e. an open load). For these experiments, it was determined to be 0.926. Once ¢ir
and &ir are calculated, the energy deposited, & 4.,,, Can be determined
&j.dep = & F T &R (5.7)

In our analysis of ionization cost, we focus on the energy deposited by the first two pulses (j=1
and j=2) as that comprises more than 95% of the total energy absorbed.

A similar procedure is done with the voltage and current probes to determine the energy
absorbed. In this case, time-resolved voltages and currents are each directly measured by the HV
resistive divider and FCT, respectively. Since these probes are close to the plasma cell, it is
assumed that any reflections or signal attenuation is negligible, and that the measured signals are
the deposited voltage and currents. Therefore, equation (5.4) can be used to determine the
cumulative energy and then equation (5.5) can be used to find the deposited energies per each
pulse since no reflections need to be accounted for like in the case of the BCS.

Having experimentally measured the deposited energy with two different techniques, the
mean value, €, 4., Was used with the measured N; . to calculate the ionization cost per applied

pulse

& de
Yl_JP

] Ivj,e

(5.8)
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It is then also possible to determine the total cost of ionization for all pulses considered using the

total energy deposited and total number of electrons created:

_ Z gj,dep _ Etot

Yitor = =
' > Nj . N tot

(5.9)

5.2.1 Determining Uncertainty

The standard deviation of the deposited energy measured using these two techniques gives the
uncertainty in energy deposited per pulse, 6¢; 4.,,. The uncertainty in the electrons produced per

pulse, 6N; ., was found to be within 20%. The uncertainty in ionization cost per pulse, 8Y; ;, was

J

found through error propagation

85 aep\°  (SNie)’
8Y;; =Y, j( o + N, (5.10)

The uncertainty of the mean total deposited energy, 8¢;,;, and of the total number of electrons

produced, 8N, ;,., can be found, respectively, through error propagation of their uncertainties per

pulse

8Ergr = Z 8%, dep” (5.11)

’ 2
SN tor = Z SN e (5.12)

Finally, the uncertainty of the total cost of ionization, 8Y; .., is found through error propagation

using the values given by equations (5.11) and (5.12).

8%or\"  (SNetor)”
8icor = Yicor j(g) +< N) (5.13)
tot etot
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5.3 Results and Discussion

5.3.1 RGA Analysis

The measured concentration of species present during experiments in argon are shown in figure
5.7. As expected, the purity of the argon gas in the chamber improves with increasing working
pressure. In our previous work, we demonstrated that recombination processes in the afterglow of
an argon plasma are significantly affected in the presence of impurities [85]. The narrative is
different during the actual creation of a plasma by the nanosecond pulse. It was assumed that the
scarce presence of N2, Oz, and H2O means that mostly Ar will be ionized. Therefore, it is sufficient

to assume Stoletov’s point should still correspond to that of argon rather than some gas mixture.
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Figure 5.7. (a) The specific species detected by the RGA at pressures of 2, 3, 5, and 10 Torr. (b) the percent
composition of the most dominant gases found during experiments in argon at the pressure tested.
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5.3.2 Voltage and Current Measurements

An example of the incident and reflected waves used to reconstruct the BCS measured applied
voltage and current profile of the first pulse is shown in figure 5.8 to describe the effects of pressure
and repetition frequency on pulse shape. It is evident that as the wave travels from the pulser

toward the plasma (1IN in figure 5.4), the peak voltage generated by the pulser is within 2-5%
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regardless of the plasma conditions. However, as this wave gets reflected and travels from the
plasma (1B in figure 5.5), this is no longer the case. The reflected pulse shape becomes distorted
and appears to widen with decreasing pressure as seen in figure 5.8a. Such an effect is more
noticeable when PRF is increased. Indeed, in figure 5.8b, the magnitude of 1B drops to ~1/4 its
peak value as pulse repetition frequency is increased. This suggests that most of the energy is
delivered to the load and that the plasma’s impedance becomes better matched with increasing
repetition frequency. Evidence of this behavior is further emphasized in figure 5.9 by noting that
the peak voltage of the applied pulse approaches to within 10% of the 2.5 kVV commanded on the

pulser as PRF is increased while the same effect is not as pronounced with pressure variation.
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Figure 5.8. BCS measurement of pulse traveling to and from the plasma for a commanded voltage of 2.5 kV. The
profiles have been normalized by the peak measured voltage. (a) Argon, 0.1 kHz, pressure varied (b) Argon, 10
Torr, PRF varied.
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Figure 5.9. Pulse voltage profiles applied to the plasma, reconstructed from the BCS measurements of figure 8. The
profiles have been normalized by the commanded voltage of 2.5 kV. (a) Argon, 0.1 kHz, pressure varied (b) Argon,
10 Torr, PRF varied.

The reconstructed applied voltage and current profiles used to sustain an air plasma at
varying pressures with repetition frequency of 0.1 kHz are shown in figure 5.10. The trends
described for this figure are also observed in argon (Appendix B). As the commanded voltage is
increased, noticeable changes in the pulse shapes are observed. When 2.0 kV is commanded, it is
clear from figure 5.10a that the measured voltage profile at 5 and 10 Torr appears Gaussian in
shape while a kink is present at 2 and 3 Torr at t=7 ns. The almost symmetric current profile at
10 Torr indicates that it is mainly the displacement current measured under this condition which
suggests the load is a predominantly capacitive, open circuit with no plasma. Indeed, no plasma
was measured by the microwave interferometer when 2.0 kV is applied to 10 Torr.

When the commanded voltage is increased to 2.5 kV (figure 5.10b) the magnitude of
applied voltage and current is increased. The current profile at 10 Torr starts to increase at t=6 ns
while the voltage profile begins to narrow. Figures 5.10c-5.10f show that as the commanded
voltage is increased, this behavior continues with a reduction in voltage after the first peak

becoming more pronounced. Increasing voltage causes more electrons and an overall stronger
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plasma to be generated. More electrons cause a decrease in plasma resistance which allows for
more conductive current to flow as seen by the increasing secondary peak relative to the first in
the current profiles taken at 10 Torr. Such an effect is also observed at the other pressures to a less
pronounced effect. In the voltage profiles, the decrease in magnitude after the initial peak
corresponds to the maximum secondary peak in current indicating that plasma breakdown occurs
at this moment. The time of breakdown shifts from t= ~7 ns to t= ~4 ns with increasing applied
voltage as a stronger electric field is produced sooner enabling the breakdown to proceed faster.

A representative sample comparing the applied voltage and current profiles of the first and
second pulse (due to reflection from the pulse generator) is shown in figure 5.11. For all pressures
tested, the polarity of the second pulse’s voltage profile is opposite to that of the first due to how
this FID pulser’s circuitry absorbs and reflects the pulse coming back from the load. At2, 3 and 5
Torr, the shape of the second pulse’s current profile is more sinusoidal than that of the first pulse.
Unlike when the first pulse is applied to the electrodes, there exists a plasma when the second
pulse arrives; therefore, the load (plasma) impedance now has both resistive and reactive parts and
perhaps behaves as an RLC circuit. Moreover, while still high, the magnitude of the applied voltage
and current of the second pulse is less than that of the first pulse. This suggests that the amount of
energy deposited by the second pulse would be less than the first but still high enough to produce
electrons within 1-2 orders of magnitude of what is generated by the first pulse.

An analysis of figures 5.10 and 5.11 shows that the resistive and strong reactive
components of the plasma sustained in this parallel-plate configuration both vary in time. This
makes it difficult to determine the plasma impedance by simply using Ohm’s law with the acquired
voltage and current profiles. Instead, the experimental results should be coupled with simulations

to estimate the plasma impedance.
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Figures 5.9-5.11 demonstrates the difficulty of fixing the voltage applied to a plasma while
varying pressure and pulse repetition frequency. Therefore, it is convenient to consider the
dependence of plasma parameters as a function of the ratio between peak voltage of the first pulse
and pressure, Vpeak/P, rather than only Vpeak. Note that the Vpeak Values presented in subsequent
sections is an average of the maximum voltage measured by the BCS and HV probe since the same

profile shape is captured but with differing magnitudes.

86



3000

2500

2000

1500

Voltage, V

1000

125
10.0
75
5.0
2.5
0.0

Current, A

-2.5
-5.0
-7.5
-10.0

5500

(a) 2.0 kV

5000
4500
4000
3500
3000
2500
2000
1500
1000

Voltage, V

Current, A

0 5 10 15 20 25 30
Time, ns

(d) 3.5 kV

Voltage, V

Current, A

Voltage, V

Current, A

4000

3500 4

3000

2500 4

2000

1500 4

10004

5004

Time, ns

Time. ns

(b) 2.5 kV

Time, ns

0 5 10 15 20 25 30

Time, ns

(e) 4.0kV

Voltage, V

Time, ns

Current, A

Time. ns

() 3.0kV

Voltage, V

Time, ns

Current, A

-5 0 5 10 15 20 25 30
Time, ns

(f) 45kV

Figure 5.10. BCS Reconstructed applied voltage and current profiles for indicated commanded voltage pulsed at a
repetition frequency of 0.1 kHz onto air plasma at the indicated pressures.
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Figure 5.11. BCS reconstructed applied voltage and current profiles of the (a) 1% and (b) 2" pulse for a commanded
voltage of 3 kV at a repetition frequency of 0.1 kHz onto air plasma at the indicated pressures.

5.3.3 Energy Deposited and Measured Change in Electron Density

The average energy deposited into air and argon plasma by the first and second pulses are shown
in figures 5.12 and 5.13, respectively. At constant Vpeax/P, the energy deposited per pulse increases
with pressure. For both gases at constant pressures, the deposited energy for each pulse increases
with voltage, with the first pulse applying more energy than the second. The exception is at 0.1
and 3 kHz pulse repetition frequency. In air at 2 Torr and PRF of 0.1 kHz (figure 5.12a) the energy
deposited by the first and second pulse is almost identical regardless of voltage. In air at 5 and 10
Torr (figure 5.12a-5.12b) and argon at 10 Torr (figure 5.13a-5.13b), this same behavior is observed,

particularly at the lower end of applied voltages. This behavior can occur if the afterglow of the
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plasma generated by the first pulse creates the conditions to provide a better impedance match. As
the second pulse arrives, less energy is reflected compared to when the first pulse arrives at the
load.

It is observed that the difference between the energy deposited by the first and second pulse
for a given Vpeak/P increases with pulse repetition frequency in both gases. At higher repetition
frequencies, the electrons have less time to recombine; therefore, the overall quasi-steady electron
number density is higher for higher repetition frequencies. This means that it is easier for the first
pulse to transfer more of its energy to the plasma and generate a more conductive medium. Thus,
when the second pulse arrives in the afterglow of the plasma created by the first, the plasma
impedance could be similar to what it was at lower repetition frequencies and a similar amount of
energy is transferred. In this manner, the energy deposited by the first pulse increases while the
energy deposited by the second pulse is relatively constant causing the difference in energy
deposited to increase.

The total energy deposited is shown in figure 5.14 for both argon and air. It is clear that the
total energy deposited increases with pressure and voltage. At 0.1 kHz, the amount of energy
deposited is similar for both gases at all pressures, while at 3, 10, and 20 kHz, more energy is
deposited into argon than into air. In both gases, as pressure is increased, the slope of the total
applied energy also increases with little dependence on PRF.

The 4ne generated in air and argon plasma by the first and second pulses are shown in
figures 5.15 and 5.16, respectively, while the total Ane is displayed in figure 5.17. Comparing
figures 5.12 and 5.13 to figures 5.15 and 5.16, and figure 5.14 to figure 5.17, the electron number
density exhibits the same trends observed in the energy deposited figures. This is to be expected

since the number of electrons produced are coupled to the magnitude of energy supplied to the
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electrodes. From figure 5.17, it is evident that in both air and argon plasmas that 10! — 7x10%2 ¢m3
electrons are created under the conditions tested.

Figure 5.18 shows the total change in electron number densities at constant pressures in air
(figure 5.18a-5.18c) and argon (figure 5.18d-5.18e) plasmas while varying the pulse repetition
frequency. At5 and 10 Torr, the total electron density increases with repetition frequency; however,
the difference between 4ne at 10, 20, and 30 kHz is not significant. Beyond a certain repetition
frequency, the quasi-steady electron density ceases to change significantly due to a shorter time to
decay between pulses. Therefore, beyond this limit, increasing PRF will not drastically change the
number of electrons produced by each pulse. Since electron recombination rates in the plasma
afterglow tend to increase with pressure, so to should this limit. This may explain why a lack of

variation is observed at 3 Torr in figure 5.18a and 5.18d.
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Figure 5.13. Energy deposited by the first and second pulse into argon plasma at pressures of 2, 3, 5 and 10 Torr
and repetition frequencies of 0.1, 3, 10, and 20 kHz. Data could only be acquired at 2 Torr at PRF=0.1 kHz without
a corona forming. Data was not collected at 3 Torr in figure 5.13d for the same reason.
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Figure 5.18. Effect of varying pulse repetition frequency at constant pressure in air and argon plasma on electron

5.3.4 Cost of lonization

number density.

The calculated ionization cost of electrons created by the first and second pulse in argon and air

plasma is shown in figures 5.19 and 5.20, respectively. In argon, the cost of ionization by the

second pulse is higher than that of the first at most of the voltages and pressures considered for

each PRF tested. However, due to the small fraction of energy deposited and electrons produced,

the total calculated cost is generally closer to the cost of ionization by the first pulse. In air, the

total cost of ionization is more influenced by the second pulse at higher voltages at all PRF and

pressures tested, as seen in figure 5.21. This effect is more pronounced at 3 Torr at all PRF and

2 Torr at 0.1 kHz (figure 5.21a). At 10 Torr with PRF = 0.1 and 3 kHz (figure 5.21a and 5.21b),

total cost tends to be closer to the second pulse at lower voltages.
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Figure 5.20. Reproduction of figure 5.19 with total cost of ionization included to compare to the 1% and 2™ pulse.
The dashed line is the cost associated with Stoletov’s point. Error bars have been removed for clarity.
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Figure 5.22. Reproduction of figure 5.21 with total cost of ionization included to compare to the 1t and 2™ pulse.
The dashed line is the cost associated with Stoletov’s point. Error bars have been removed for clarity.

Figure 5.23 shows that the total cost of ionization for air (5.23a-c) and argon (5.23d-f) at
the pressures and PRFs tested is within a factor of 2-3 of the cost associated with Stoletov’s point.
In air, at repetition frequencies of 0.1 and 3 kHz, the total ionization cost tends to increase with
pressure at lower voltages. For the same peak voltage, the value of Vpea/P decreases with
increasing pressure (cf. figure 5.20a and 5.22a). Since voltage is related to the electric field and

pressure directly to the gas density, then E/N should also decrease with increasing pressure at these
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PRFs. Under these conditions, E/N may be on the left side of Stoletov’s minimum (cf. figure 5.2)
so that as it decreases, there is an increase in ionization cost. On the other hand, when PRF is
increased to 10 and 20 kHz, the cost is higher at 3 Torr (figure 5.23a) than it is at 5 or 10 Torr
(figure 5.23b-5.23c) for the same applied voltage. Now, E/N may be on the right side of Stoletov’s
point and approaches it as E/N falls with increasing pressure causing a reduction in the ionization
cost. At 10 Torr, there is no significant variation of cost between 10, 20 and 30 kHz suggesting
E/N is similar under these experimental conditions.

In argon, the ionization cost at 0.1 kHz increases with pressure for the same Vpeax/P
(consider costs at Vpear/P between 600 and 750 V/Torr in figure 5.20a and figure 5.23d-5.23f). For
the same Vpeak/P, as pressure is increased, Vpeak increases. The corresponding rise in ionization cost
suggests that most of this applied voltage is lost across the cathode sheath [45] with increasing
pressure at this PRF. When a repetition frequency of 3 and 10 kHz is applied, the ionization cost
is higher at 3 Torr (figure 5.23d) and 10 Torr (figure 5.23f) than at 5 Torr (figure 5.23¢) for the
same Vpeak/P (consider costs at Vpeak/P between 450 and 750 V/Torr). This suggests that the applied
voltage at 5 Torr generates an E/N that is closer to Stoletov’s point than at 3 and 10 Torr at higher
repetition frequencies. Like in air, at 10 Torr, there is no significant variation of cost between 10,

20 and 30 kHz.
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Figure 5.23. Total cost of ionization in air and argon plasma. The top axis shows the Vpeax corresponding to the
Vpea/P 0N the bottom axis.

5.4 Conclusion
Utilizing microwave interferometry for time-accurate measurements of the electron density and
two different voltage and current measuring techniques, it was possible to experimentally
determine the generated number of electrons and the deposited energy in high voltage nanosecond
pulses over a range of pulse repetition rates and gas pressures.

In such parametric studies, increasing the pulse repetition frequency (PRF) for the same
commanded voltage considerably reduced the amplitude of the voltage applied to the electrodes.

For the same PRF, the shape of the voltage pulse at the electrodes changes with pressure. Changing
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these parameters inherently changes the plasma impedance, which makes it difficult to vary the
parameters while controlling the voltage pulse shape and magnitude.

In the experiments, the energy deposition varied within an approximate interval of 0.1-1 mJ
while the total electron number density, Ane, produced per pulse varied from 10! — 7x10'? cm™3,
The ionization cost in air and argon plasma generated by nanosecond pulses were calculated and
found to be within a factor of 2-3 of the theoretical (Stoletov’s) minimum. In both gases, varying
pulse repetition frequency and gas pressure affect the ionization costs, and changing these
parameters may shift E/N either farther from or closer to the optimum regime. In this work, we
were able to find a set of conditions in nanosecond pulses that resulted in the ionization cost at its
theoretical (Stoletov’s) minimum.

An increase in ionization cost at very high voltages suggests that such regime has greater
voltage losses across the cathode sheath. To better understand the impact on E/N and voltage loss
across the cathode sheath that parameters such as the pulse repetition frequency have, detailed
kinetic simulations are needed. The experimental data described in this paper provides a dataset

for validation of the models.
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6. PLASMA SUSTAINED BY RF BURSTS

Experiments were performed an air plasma sustained by RF bursts to study which conditions were
most conducive to producing the highest electron number densities with the lowest cost of
ionization. Understanding which operating regime is ideal is imperative to create a plasma antenna
that can transmit signals of the driving RF frequency when a plasma is present and receive signals

in the plasma afterglow (this is schematically depicted in figure 1.11).

6.1 Experimental Setup

Air plasma at 2 Torr was sustained by RF bursts of 50 MHz sine waves from a Keysight 33600A
waveform generator amplified by a 150W A-class RF power amplifier (Amplifier Research,
150A250M3). The output power of, duration of, and decay time between bursts was varied. A
Pulsar C50-109-481-1N bi-directional coupler was used to measure the forward and reflected
power from which an absorbed power, and in turn the absorbed energy deposited, could be
calculated. The electron number density was determined in the same manner as described in 5.2.
The experimental setup of figure 5.3a was used and is reproduced in figure 6.1a. The measurement

configuration of the directional coupler is shown in figure 6.1b.
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Figure 6.1. (a) Experimental setup (copy of figure 5.3a) and (b) directional coupler used to determine the electron
number density and power deposited onto plasma driven by both continuous and pulsed RF waves.

6.2 Results and Discussion

As the commanded power was varied from -6 dBm to -12 dBm for a constant burst duration
and frequency, the absorbed power was measured and is shown in figure 6.2a. The measured ne
corresponding to this absorbed power is shown in figure 6.2b. The effects of burst duration and
the effects of burst frequency for the same commanded power on absorbed power and electron
density are shown in figures 6.3 and 6.4, respectively. A list of the absorbed energy, the change in
electron density, and the associated electron cost of ionization per burst for each of these sets of
conditions is shown in tables 6.1, 6.2, and 6.3. The data corresponding to 25.1 W from figure 6.2
are shown in black in figures 6.3 and 6.4 to serve as a baseline for comparison.

With increasing commanded power, the maximum average absorbed power increased from
11.4 W to 25.1 W for the same burst duration and time between bursts as seen in figure 6.2a. When
commanded power and burst repetition frequency were held constant while burst duration was

decreased, figure 6.3a shows that the mean power absorbed increased. Similarly, figure 6.3a shows
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the mean absorbed power increases with increasing time between bursts for a constant commanded
power and burst duration. Interestingly, in these plots, an overshoot in absorbed power occurs
within the first 2-3 us of the burst, an effect that is most pronounced with increasing power in
figure 6.2a and increasing burst repetition frequency in figure 6.3a. The overshoot is most
pronounced for the burst duration and frequency that give the lowest initial electron density. In
these conditions, it was found that while the incident power was similar, less power was reflected
for shorter burst durations and longer time between pulses.

The measured time-averaged ne increases with power and burst duration while it decreases
with increasing burst frequency. Increasing power inherently causes an increase in the energy
deposited and therefore the number of produced electrons. Similarly, increasing burst duration
allows more time for electrons to be produced, while increasing the time between bursts allows
more time for the electrons to recombine.

The ionization cost decreases with increasing absorbed power, increasing time between
bursts, and decreasing burst duration. The lowest cost calculated was 8800 eV for 25.1 W of
maximum absorbed power applied every 25 ps with a burst duration of 10 ps. This is due to the
relatively low energy deposited yet still large electron number density compared to the other
conditions tested. For example, in table 6.2, when burst duration is increased from 10 ps to 30 ps,
the energy deposited increases by a factor of ~2.3 while the Ane increases by only a factor of ~1.6.
Applying a burst for a longer period wastes more energy without producing more electrons and

leads to higher ionization costs.
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Figure 6.2. Power absorbed and ne in 2 Torr air plasma sustained by 50 MHz, RF bursts applied every 25 us for

50 ps.

Table 6.1. The energy deposited, change in electron humber density, and ionization cost for the maximum absorbed
power indicated. Air plasma at 2 Torr sustained by 50 MHz, 50 us, RF bursts applied every 25 ps.

Max.Pﬁazorrbed Energy An, x 10° Cost
W mJ cm’® eV
25.1 11 9.2 18700
23.6 11 8.7 18700
21.8 1.0 7.4 20500
19.8 0.9 6.8 20500
17.6 0.8 6.0 20800
14.6 0.7 5.3 20700
114 0.6 4.1 22100
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Figure 6.3. Power absorbed and ne in 2 Torr air plasma sustained by 50 MHz RF bursts applied every 25 ps for 10,
30, and 50 ps. Commanded power was -6 dBm.

Table 6.2. The energy deposited, change in electron number density, and ionization cost for the indicated burst
duration. Air plasma at 2 Torr sustained by 50 MHz, RF bursts applied every 25 ps for -6 dBm commanded power
(25.1 W maximum absorbed).

Burst Duration Energy An, x 10° Cost

S mJ
10 0.3
30 0.7
50 1.1
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cm’® eV

49 8800
1.7 14400
9.2 18700
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Figure 6.4. Power absorbed and ne in 2 Torr air plasma sustained by 50 MHz RF bursts applied for 50 ps every 25,
50, and 75 ps. Commanded power was -6 dBm.

Table 6.3. The energy deposited, change in electron humber density, and ionization cost for the time between bursts.
Air plasma at 2 Torr sustained by 50 MHz, 50 ps RF bursts for -6 dBm commanded power (25.1 W maximum

absorbed).
Tlmgsri?geen Energy An, x 10° Cost
MS mJ cm® eV
25 1.1 9.2 18700
50 1.2 13.2 14000
75 1.3 15.8 12200

6.3 Conclusion

These experiments in 2 Torr air have shown that it is possible to sustain plasmas with ne~10° cm3
under varying burst conditions. Increasing the power commanded and burst duration while
reducing the time between pulses maximizes the electron density. However, this is achieved with
high ionization costs in the range of 8000 — 20000 eV. The electron density sustained is comparable
to what is produced by low voltage nanosecond pulses (see chapter 2.4) but is 2-3 orders of

magnitude less than what is produced at higher peak voltages (see chapter 5.3.3). The ionization
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cost of RF bursts is 2-3 orders of magnitude more than what it is for nanosecond pulses (see chapter
5.3.4). Such discrepancy between the two methods may be reduced if higher RF powers are applied
at higher pressures and if a different gas, such as argon, is used. At present, the only advantage to
nanosecond pulses that plasmas driven by radiofrequency bursts have is that the driving frequency

can be transmitted when the pulse is on.

111



7. PLASMA ANTENNA EXPERIMENTS

7.1 Loop Antenna

Initial experiments with the loop plasma antenna pictured in figure 7.1 have been performed. The
antenna was designed to operate at 1.25 GHz and have a thin plasma thickness. This is the
traditional approach taken with metallic antennas since the thinner the wire, the more ideally the
antenna behaves. The loop was 76 mm in diameter while the Pyrex tubing had an external tube
diameter of 6 mm and internal diameter of 4 mm. Neon gas at a pressure of 1 Torr was used. The
electrodes are the hollow cylindrical type typically found in neon signs. As evident in figure 7.1,
plasma was successfully generated with both FID FPG 10-100MC2-10 and Eagle Harbor NSP-

3300-20-F nanosecond pulse generators.

Figure 7.1. The loop plasma antenna designed to operate at 1.25 GHz showing successful ignition of the plasma
using a nanosecond pulser.

To measure the electron density, the microwave scattering system described in [86], [87]
was used with the help of XingXing Wang in Professor Shashurin’s group. The measured quasi-
steady averaged ne within the loop as a function of PRF for a peak pulse voltage of 5 kV using an
FID pulser is shown in figure 7.2. As PRF is increased, ne quickly increases before leveling off.
Such saturation occurs because there is insignificant ne decay between pulses at high repetition
frequencies so the quasi-steady, mean ne should be similar at higher repetition rates. The measured

peak ne within the loop as a function of a single, 100 ns pulse from the Eagle Harbor pulser is
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shown in figure 7.3. As expected, ne increases with voltage. It is unclear why saturation occurs at
higher voltages, but one thought is that past a certain ne, most of the energy of the pulse is lost to
joule heating rather than causing further ionization. Both pulsers were able to generate electron
densities ~10%2 cm,
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Figure 7.2. ne as a function of applied PRF. The voltage was fixed at 5 kV with 10 ns pulse width, and an FID
pulser was used.
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Figure 7.3. n¢ as a function of the measured voltage at the electrodes. A single 100 ns pulse was applied at various
voltages form the Eagle Harbor pulser.
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With preliminary studies showing ne ~ 10*? cm™ was achieved, attempts were made to
measure Si1 with a VNA to detect any resonant behavior. A capacitive coupler was made and
mounted to the tube as shown in figure 7.4. With the plasma ignited, a frequency sweep from 10s
of MHz to a few GHz using a VNA was performed. Unfortunately, no resonant behavior at the
design frequency of 1.25 GHz was observed. Several factors may have led to this failure. First, the
coupling mechanism was not optimized as no rigorous design process was performed. Furthermore,
the components used within the coupler are on such a length scale that they themselves may
resonate at GHz frequencies. Moreover, the fast rise time of the ns pulses generates a significant
amount of noise that may be inhibiting the detection of a signal. Lastly, the electron number density

may not be sufficient to yield a high enough plasma conductivity for resonance to occur.

(@) (b)

Figure 7.4. (a) coupler mounted to the plasma antenna and (b) the internal structure of the coupler.

Simulations show that to achieve resonance in the loop antenna with return loss comparable
to metallic antennas, an ne>10*cm™ is needed. In literature, others have been able to create
functioning plasma antennas with ne~10'°-10'* cm [12], [28]. They were able to achieve this
because, for a given gas pressure, plasmas inherently have higher conductivities for RF frequencies
in the MHz range compared to GHz. Moreover, while using thin wires in standard antennas may
be ideal for performance, using a plasma column that is too thin may be detrimental. Plasmas have
several orders of magnitude smaller conductivities than metals. Since the resistance per unit length,

R/l, is inversely proportional to the product of conductance and cross-sectional area, o4, when ¢ is
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comparable in magnitude to A, R/l will be very sensitive to the value of A. Therefore, using thicker
tubes should enable us to achieve resonance at lower ne. Further discussion of this effect is

presented in chapter 7.2.3.

7.2 Monopole Antenna

Following attempts to measure the resonant frequency of the loop antenna, the focus shifted to
developing a monopole antenna for which more literature exists [9]-[12], [14]. A circuit was
developed to measure the reflection coefficient with proper isolation from the high-power
excitation source. Initial experiments with light bulbs were performed to test the circuit and find
an appropriate coupling scheme. To facilitate simulations of the experiments, it was important to
have a plasma antenna with known dimensions in which the gas type and pressure could be
controlled. With this variable pressure antenna, measurements of the reflection coefficient as well
as the transmission and reception gains were made. Through experiments with a plasma antenna
composed of argon at 0.3 Torr, it was found that the plasma antenna return loss could be tuned
over a span of 80 MHz by varying the applied power. The antenna gain could also be varied with
applied power; when it exceeded 40 W, at some frequencies the gain approached within 3 dB of a

standard reference antenna.

7.2.1 Measuring the Reflection Coefficient

To sustain a plasma and make signal measurements through one port, the high-power circuitry
shown in figure 7.5 and schematically represented in figure 7.6 was used. Eliminating the need for
a dedicated secondary port for signal measurement reduces any parasitic capacitive cross-coupling
that may occur between the coupler of each port. By using a directional coupler (Commscope

C-10-TCPUSE-N), attenuators (6 dB Weinschel 72-6-43 and a 3dB, 2 W attenuator), and a
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high-pass filter (Mini-Circuits SHIP 300+), the portion of the circuit through which measurement

signals travel to and from the plasma antenna is isolated from the high-power source.

360 MHz High Pass Filter

3 dB Attenuator

Direttional

Coupler

PowerOut = Powerlin :
Amplifier

Figure 7.5. Circuitry used to apply the power to the plasma antenna, measure the reflection coefficient, measure the
power received by the plasma antenna, and measure the power deposited into the plasma. The blue arrow indicates
the path of the excitation signal and the red arrow the path of the antenna signal.

An Agilent E5062A network analyzer was used to measure the reflection coefficient (S11)
of the plasma antenna through this circuit. The excitation frequency, fex, and power, Pey, used to
generate the plasma were controlled by a Rhode & Schwartz SM300 signal generator. It was
connected to an AR 150A250M3 RF amplifier which can operate at a maximum frequency of
250 MHz and output a nominal power of 150 W. The amplifier was set to its maximum gain so
that the power applied was controlled only by the signal generator. The deposited power was
measured using a Pasternack PE2CP1004 dual directional coupler and a Lecroy 735Zi oscilloscope.
The power and the signals were directly connected to the plasma antenna SMA port without the

use of a matching network.

116



LA 4

-50dB

Figure 7.6. Experimental schematic for measuring the Si; of the plasma antenna. (1) RF signal generator: excitation
frequency (fex) source; (2) RF power amplifier; (3) directional coupler; (4) dual directional coupler; (5) oscilloscope;
(6) attenuator; (7) high-pass filter; (8) VNA,; (9) plasma antenna

Fluorescent Light Bulb Monopole

Initially, a 22 cm long light bulb with a 1.3 cm diameter was repurposed as a plasma antenna, as
shown in figure 7.7. An aluminum shielding box was used with 16.1 cm of the light bulb protruding
from the top. Others have used light bulbs to perform their research on plasma antennas as they
are inexpensive and readily available [13], [19], [20], [65]. Using a light bulb provided a means of
testing the circuit shown in figure 7.6 and 7.7, and to ensure the coupling scheme could both sustain
the plasma and be used to perform measurements. However, since the gas type and pressure could

only be guessed, any theoretical or numerical analysis would be inaccurate.
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(b)

Figure 7.7. (a) Fluorescent light bulb repurposed as plasma antenna used for initial monopole tests and (b) the
coupling scheme used to both generate the plasma and make measurements.

Plasma was sustained by an excitation frequency of 120 MHz through the coupling scheme
shown in figure 7.7b. The S11 was measured over the frequency range of 300-2500 MHz and is
shown in figure 7.8. It was found that increasing the deposited power caused a decrease in the
observed resonance frequency. Increasing the power causes an increase in the plasma column
height and electron number density. As the plasma column grows and becomes more conductive,
its electrical length approaches its physical length. Since the resonant frequency is inversely
proportional to this electrical length, as the length increases, the resonant frequency decreases.
Having shown successful surface wave ignition of the plasma, successfully measuring the
reflection coefficient, and achieving tunability in resonance frequency, a new antenna was

constructed in which all the test parameters could be controlled.
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Figure 7.8. S11 measurements for indicated deposited power at excitation frequency of 120 MHz.

Variable Pressure Antenna

To conduct parametric studies on a plasma antenna, the system shown in figure 7.9 was constructed,
a schematic and dimensions of which are shown in figure 7.10. The plasma antenna itself consists
of a 25 mm diameter Pyrex tube connected to a conflat vacuum flange through a glass-to-metal
seal. The diameter of the tube was chosen to be thicker than that shown in figure 7.1 or 7.7 in order
to improve the conductivity of the plasma column and to match a size commonly found in literature.
Moreover, the diameter of the tube was the same as the available glass-to-metal seal on the CF

flange.
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(b)

Figure 7.9. The actual variable pressure system used for experiments. (a) shows the system in its entirety during
hallway testing with the plasma present while (b) shows a partially ignited plasma column.

The antenna was attached to a 4-way vacuum cross as shown in figure 7.10b. Gas was
evacuated using an Edwards E2M-1 rotary vane vacuum pump while pressure was controlled using
an Alicat MC-200 flow controller in conjunction with a throttling valve (modified VAT 265 KF16
Valve). Pressure was measured using an MKS 626C capacitance manometer. Argon gas with
99.995% purity was introduced through the mass flow controller.

It was necessary to ensure that any air present in the hose between the gas cylinder and
mass flow controller was removed before flowing argon. To do so, the mass flow controller was
set to its maximum flow rate with the gas cylinder closed and the vacuum pump on. When the
pressure inside the plasma antenna system reached below 10 mTorr, argon was introduced. The
system was flushed for 20 minutes at 4.3 Torr before the mass flow rate was reduced to achieve
the desired pressure.

The ground plane consisted of aluminum foil wrapped around plywood and secured to a

metallic cart (cf. figure 7.9a). The height and alignment of the Pyrex tube above the ground plane
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were controlled by adjusting nuts on three pieces of all-thread secured to the plywood. An
aluminum shielding box enclosed the bottom of the Pyrex tube above the ground plane. Inside was
a coupler constructed from copper tape and soldered to an SMA cable as shown in figure 7.11. It

was connected to an SMA bulkhead through which the excitation and measurement signals were

applied.
_______________________ —~
1
______ OD: 25 mm
WT: 1 mm 25 cm
,,,,,,, T
o
.
OD:25.5cm  Copper A-A 12.7 cm
WT: 0.2 mm Coupling
SIDE (CROSS SECTION)
AA m
3cm
Pyrex - \"
Tube 56cm| 5.08em||
. 1 {]10.16 em |
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Figure 7.10. Schematic of the variable pressure plasma antenna system. System dimensions are shown in (a) and
relevant components in (b). In (b): (1) Pyrex glass tube; (2) SMA connector; (3) copper coupling sleeve;
(4) aluminum shield box; (5) ground plane; (6) CF 2.75 glass-to-metal sealed flange; (7) threaded rod; (8) CF 2.75 to
KF-40 adapter; (9) argon gas supply; (10) mass flow controller; (11) KF-40 to KF-16 4-way cross reducer;
(12) pressure gauge; (13) modified open-close valve; (14) vacuum pump
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Figure 7.11. Copper coupler soldered to SMA cable and connected to a SMA bulkhead.

With this system constructed, initial tests were performed to find an optimum pressure and
frequency to conduct the parametric studies with the AR amplifier. It was found that with the
excitation frequencies tested, operating at pressures approaching 1 Torr caused plasma striations
to form. To avoid them, the operating pressure was chosen to be 0.3 Torr (at a flow rate of
0.0115 + 0.0005 g/min). It has also been shown that lower collision frequencies are beneficial to
surface wave propagation and plasma antenna operation [9]-[11], [33]].

Other coupling schemes and shielding box configurations, such as that shown in figure
7.12, were also considered and tested. However, it was found that while the entire column could
be filled with plasma, no significant Si1 measurements could be made regardless of coupler
positioning above or below the ground plane. This coupling scheme, among others, should be

tested with higher excitation frequencies applied through an impedance matching network.
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Figure 7.12. Alternative coupler tested.

To ensure the coupler worked as intended, a thin layer of aluminum foil was wrapped
around the length of the Pyrex tube. A frequency sweep between 150 MHz and 250 MHz was
applied by the VNA through the measurement circuit of figure 7.5, without the SHP-300+ filter.
A resonant frequency of 196 MHz was measured, as shown in figure 7.13. This frequency
corresponds to a quarter-wavelength of 38.1 cm which was in fact the length of the tube. This

verified the reliability of our coupling scheme.
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Figure 7.13. Results from Aluminum foil wrapped Pyrex tube to validate S1; measurement setup.

S11 data was acquired by performing a 1000-point frequency sweep from 300-600 MHz at
a VNA probing power of 10 dBm. Lower frequencies weren’t used since the SHP-300+ high pass

filter limited detecting reflection coefficients corresponding to frequencies below 300 MHz.
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Frequencies above 600 MHz showed no resonance under the conditions tested. 100-point
averaging was used on the acquired data to reduce noise.

The Si11 response varied with frequency and power applied to the plasma. Consider
figure 7.10 which shows the response of the system at an excitation frequency of 98 MHz (figure
7.10a) and 154.5 MHz (figure 7.10b). In each plot, the deposited power measured is different;
however, in both cases, the commanded, incident power was the same. It was not possible to reach
the maximum powers deposited by fex =98 MHz with fex =154.5 MHz. At fex=154.5 MHz, a 15 W
variation in deposited power (from 56 W to 71 W) caused about a 60 MHz shift in resonant
frequency (from 320 MHz to 380 MHz). At fex =98 MHz, to get the similar 60 MHz shift (in this
case, from 385 MHz to 445 MHz), the deposited power was increased by 34 W (from 10.5 W to
44.5 W). This suggests that into an unmatched plasma load, the excitation frequency with which a
plasma is sustained changes the plasma impedance. In turn, the deposited energy and the antenna

performance vary for the same sweep frequency range.
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Figure 7.14. S11 response measured for excitation frequencies of (a) 98 MHz and (b) 154.5 MHz at the indicated
deposited powers into an argon plasma at 0.3 Torr. The sudden peaks at 309 and 463 MHz in (b) correspond to the
2" and 3" harmonics of the excitation frequency leaking into the measurement system.
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For both excitation frequencies in figure 7.14, the resonance frequency increases with
increasing power, a trend different from what was observed in figure 7.8 with the light bulb plasma
antenna. This occurs even after the entire 25 cm length of the column above shielding box is filled
with plasma. Since the plasma conductivity is proportional to ne, the electrical length and plasma
column length may differ.

In standard antennas, the frequency at which Si1 has a minimum corresponds to the
antenna’s resonant frequency. However, a plasma antenna may absorb a signal in addition to
transmitting it. Moreover, the plasma antenna’s input impedance can vary with power, frequency,
gas type, and pressure. The S11 measured may therefore correspond to the frequency at which the
antenna impedance matches that of the transmission line rather than the antenna resonance
frequency and should be further investigated through modelling. Therefore, to experimentally

understand if the plasma column behaves as an antenna, it was necessary to measure its gain.

7.2.2 Determining Gain

Reference Antenna

The gain of an antenna describes how much power is transmitted or received from the direction of
peak radiation and is a combined measure of its directivity and efficiency. To determine the gain
of our reference antenna (Taoglas FW.45.B.SMA.M), the Friis Transmission equation was used.
It relates the antenna’s transmitted and received powers to their gains, to the signal frequency, and
to the free space distance. The relation is valid so long as the receiving antenna is in the far-field

of the transmitting antenna and no objects obstruct the signal’s path. It is given by

c 2
Pry = PryGryGry (47T7”f) (7.1)
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where Pry is the received antenna power, Py is the transmitted antenna power, Gry is the receiving
antenna gain, Gt is the transmitting antenna gain, c is the speed of light, r is the distance between

the two antennas, and f is the signal frequency. Dividing by Ptxand converting into decibels gives

X

Py c
10 lOg (P—Tx) = GTx + GRx + 20 IOg (W) (72)

If the transmitting and receiving antenna are identical, then Grx = Grx=Gref. Therefore, if r, Prx

and Py are all known, the antenna gain can be determined:

Pry c _
5log (P—) —10log <W) = Grey (7.3)

Tx

For this experiment the antennas were spaced with a line of sight distance of r=7.2 m. Due
to the long wavelengths at the frequencies tested and the limited amount of space to conduct these
experiments, the hallway walls were located within the antenna near-field.

To determine the transmitted and received power, the configuration shown in figure 7.15
was used. It is the same as that displayed in figure 7.9 except that the VNA has been replaced with
an Agilent E4408B spectrum analyzer, the Rhode and Schwartz SM300 was now used to sweep
over the transmitted frequencies, frx, and a Keysight 33600A waveform generator was used to
control fex and Pex. To account for cable and measuring losses, the spectrum analyzer was used to
determine the circuit loss as a function of frequency (~19.2 dB on average) for a known Prx. This
loss was then accounted for in post-processing. Ptx was directly measured by the spectrum analyzer
at the antenna input.

The transmitted frequency was swept from 400-480 MHz with a 100 kHz step size and
16 ms dwell time per step for various Prx. Different powers were used in order to verify consistency
in the reference gain profile and its independence on Prx. The spectrum analyzer was swept over

the same frequency range with a 300 kHz RBW and VBW, and a 4 ms dwell time. Therefore, the
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spectrum analyzer would take four samples per frequency for a given sweep and the MAX HOLD
function was used to keep the maximum. Multiple measurement sweeps were performed to ensure
the proper signal is detected since there was no way to synchronize the two devices.

Equation (7.3) was used to generate the reference antenna gain profile shown in figure
7.16a by using the measured powers and accounting for system losses. A comparison of the
reference antenna’s measured gain to its gain profiles provided in the manufacturer’s datasheet is
shown in figure 7.16b. The measured gain profile maintains its shape regardless of transmitted
signal strength. The maximum measured gain is between 5 and 6 dBi suggesting that the reference
antenna in this configuration is not omnidirectional. Most likely this is due to reflections from the
walls present in the near-field on two sides of the reference antennas. These reflections and the
circuit used to measure the received power are believed to explain the ripples in the gain profile.
Such environmental conditions may also explain the differences between the measured and

datasheet-provided gain profiles.
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Figure 7.15. Configuration used to determine the gain of the reference antenna. (1) RF signal generator: excitation
frequency (fex) source; (2) RF power amplifier; (3) directional coupler; (4) dual directional coupler; (5) oscilloscope;
(6) attenuator; (7) high-pass filter; (8) RF signal generator: frequency sweep (frx) source; (10) reference antenna;
(11) spectrum analyzer
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Figure 7.16. (a) Measured gain of the reference antenna for varying transmitted powers, and (b) a comparison of the
reference antenna’s measured gain to its gain profile in the antenna datasheet.

Variable Pressure Plasma Antenna

The gain of the plasma antenna both as transmitter and a receiver was measured using the
comparison technique, shown schematically in figure 7.17. First, the plasma antenna is used to
transmit a signal of known power and an antenna with known gain is used to receive it. Next, a
reference antenna, also with known gain, is put at the exact same location and the process is

repeated. Consider equation (7.1) written in terms of the plasma antenna
c 2
Pryprx = PrxGryGprx (W) (7.4)
and in terms of the reference antenna
c 2
Pryrrx = PrxGryGRrrx (W) (7.5)

where Pryp1x and Prxrrx IS the power measured by the receiving antenna for a signal transmitted
by the plasma and reference antenna, respectively, while Gprx and Grry is the transmission gain of

the plasma and reference antenna, respectively. Grx is the gain of the receiving antenna.
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Since the receiving antenna and reference antenna are identical, their gains are identical.
Therefore, Grrx=Grx=Grer, Using these relations and taking the ratio between equation (7.4) and

(7.5) gives

Prxprx _ Gprx

(7.6)

PRx,RTx B GRef
which can then be rearranged to give the transmission gain profile of the plasma antenna

P Rx,PTx

GRef = Gpry (7.7)

PRx,RTx

For convenience, equation (7.7) can be transformed into units of dB

P
10 log < PR"'PT"> + Gres[dB] = Gpry[dB] (7.8)

Rx,RTx
This same procedure, with just a few modifications, is performed to determine the gain

profile of a plasma receiver. Equations (7.4) and (7.5) become, respectively,

c 2
P PRX,RTx = PryGryGpry (W) (7-9)
c 2
P RRX,RTx = PryGryGRrpy (W) (7-10)

where Ppry,1x and Prrx,1x IS the power received by the plasma and reference antenna, respectively,
while Gprx and Grgrx is the reception gain of the plasma and reference antenna, respectively. Grx is
the gain of the antenna transmitter. Since the receiving antenna and transmitting reference antenna
are identical, Grrx=G1x=Grer. Performing the same operations as previously described gives Gpg,

in units of dB

P
10 10g< PR"'”) + Gres[dB] = Gpry[dB] (7.11)

RRx,Tx
The measured transmitter and receiver gain of the plasma antenna is shown in figure 7.18a

and 7.18b, respectively, for an argon plasma column sustained by various powers at a pressure of
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0.3 Torr and excitation frequency of 98 MHz. A plot of the gain as a function of deposited power
for three different signal frequencies under the same conditions is plotted in figure 7.19. For the
transmission gain, Prxptx = 10 dBm was used since it was identical to the VNA power when
measuring S11. For the reception gain, Ptx = 13 dBm (the maximum power output of the SM300)
in order to maximize the signal strength received by the plasma antenna. Subsequent experiments
utilized Ptx = -3 dBm and -10 dBm to determine how weak of a signal the plasma antenna could
detect. These results are shown in figure 7.20.
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Figure 7.17. Experimental schematic for measuring the (a) transmitted (P1x) and (b) received power (Pry) by the
plasma and reference antennas to determine antenna gain. (1) RF signal generator: excitation frequency (fex) source;
(2) RF power amplifier; (3) directional coupler; (4) dual directional coupler; (5) oscilloscope; (6) attenuator; (7)
high-pass filter; (8) RF signal generator: frequency sweep (frx) source; (9) plasma antenna; (10) reference antenna;
(11) spectrum analyzer

From both figure 7.18a and 7.18b, as deposited power is increased, the overall gain
increases as well. Increasing deposited power increases ne which causes an increase in the plasma
conductivity. As the plasma becomes more conductive, the antenna signals can more easily

propagate along the plasma column with less attenuation. The antenna is thus more efficient and
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has an improved gain with increasing power. However, as depicted more clearly in figure 7.19,
beyond a certain applied power, in this case 40 W, the gain plateaus. Exceeding this threshold
power only serves to heat the plasma without drastically improving antenna performance, thereby
wasting energy. A similar leveling off effect was previously observed by Naito et. al. in their
studies of antenna gain for the radiation of the surface wave (fex) [11].

Figure 7.18 also shows the formation of a clear peak at ~417 MHz in both transmitting and
receiving modes when the deposited power exceeds 10.5 W. This peak is indicative of the
antenna’s resonant frequency. By increasing the power supplied to the column even after the Pyrex
tube was entirely filled with plasma, it is possible to improve, and thereby tune, the resonant
strength of the antenna. For deposited powers of 64.5 W and above, the transmission gain at a
frequency =417 MHz is within 1 dB and the reception gain is within 3 dB of the reference antenna.
On the other hand, in the absence of plasma, this resonant peak disappears, the overall gain profiles
do not exceed -18 dBi, and the structure is no longer an antenna. This resonance frequency is
different from the ~460 MHz determined by the VNA measurement of the reflection coefficient

for the same power (cf. figure 7.14), the reasoning for which should be further explored.
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Figure 7.18. The measured (a) transmitting and (b) receiving gain profile for the plasma antenna. An argon plasma
at 0.3 Torr was sustained by the indicated deposited power at =98 MHz.

In figure 7.19, a clear jump in deposited power is seen between 18 W and 40 W. Visually,
an increase in the plasma brightness was observed with this power increase. Such behavior is
believed to be caused by the impedance matching of the plasma antenna to the transmission line
at the surface wave excitation frequency. As shown in figure 7.22 in the next section, the electron
number density of the plasma increases with applied power. For a constant signal frequency, the
real part of the plasma impedance decreases with increasing ne (i.e. its resistance decreases). As
the resistance approaches the 50 Q value of the transmission, less power is reflected. At some point,
the reactive part of the impedance may also approach zero. These effects cause the plasma to be

better matched and more power to be deposited.
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Figure 7.19. The measured transmitting and receiving gain as a function of applied power at a few different signal
frequencies. An argon plasma with gas pressure of 0.3 Torr was sustained at fex<=98 MHz in each case.

Figure 7.20 shows that regardless of the transmitted power, the overall gain profile of the
plasma antenna as a receiver is similar. Though, as the transmitted power is decreased, the noise
of the measured signal increases. It is believed this occurs because the signal strength is becoming

comparable to the thermal noise of the plasma antenna.
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Figure 7.20. Gain profile of a plasma antenna as a receiver for varying transmission output powers. An argon
plasma with gas pressure of 0.3 Torr was sustained by 64.5 W at f,=98 MHz in each case.
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7.2.3 Antenna Resistance and Skin Depth Analysis

As seen in figure 7.18, if the power is high enough, the gain of the plasma antenna can match that
of the reference metallic antenna. There is considerable uncertainty (at least several dB) in the
measurements of the two antennas’ gain because of the hallway walls present in the antenna near-
field. A more precise comparison statement is that the plasma antenna gain is within 6-10 dB of
that of the reference antenna. This may seem somewhat surprising, since the electrical conductivity
of the plasma is many orders of magnitude lower than the conductivity of a metal. However, the
resistances of the plasma column, as well as of a metal rod, are also affected by the skin effect.

In metals, the skin depth is given by

_ ’ p
o= Tf oy (7.12)

where p is the resistivity of the metal, f the wave frequency, and u, and u, the free space and

relative permeability, respectively. According to the antenna datasheet, the antenna material is
steel. It is assumed that the average resistivity of steel is pseel = 43 pQ-cm and p,. in the range of
100 - 1000.

In the frequency range of 400 — 480 MHz, an argon plasma sustained at 0.3 Torr with n, =
3 x 1011 cm™3 (cf. figure 7.27) has a permittivity whose imaginary party is less than the
magnitude of the real part, as seen in figure 7.21. Therefore, the effective skin depth is given by a

penetration depth defined as

A

6penetration =T — (7.13)
2/ | €&

where 1 is the wavelength in free space and e the real part of the permittivity given by

127
=1 - — 7.14
gT‘ 2 VZ ( )
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where vm is the electron-neutral collision frequency, wp the plasma frequency, and « the angular
frequency of the propagating wave. At 0.3 Torr argon, vm=~ 1.59 x 10°s®, Atn, = 3 x 10! cm™3,
p=3.09 x 10 s, The calculated skin depths of the antennas used are shown in figure 7.22.
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Figure 7.21. Real and imaginary parts of the plasma permittivity for an argon plasma at 0.3 Torr with
ne ~ 3 x 10 cm™3.
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Figure 7.22. Calculated skin depths for the reference and plasma antenna.

The resistance of a given material is defined as
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R=— (7.15)

where L is its length, o is its conductivity and A is its cross-sectional area. The plasma antenna
length is 25 cm while the reference antenna length is 29 cm. For metals, the conductivity is //p
while for plasmas it is

2
w
0 =€,V —— (7.16)

where &, is the vacuum permittivity. A plot of the plasma antenna conductivity as well as its ratio
with the reference antenna conductivity is shown in figure 7.22. For a given frequency, A depends
on the skin depth and varies as

4 n(0D? — (0D — 26)?)

: (7.17)

where OD is the outer diameter of the conducting medium. The OD is 25 mm and ~6.2 mm for the

plasma antenna and reference antenna, respectively.
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Figure 7.23. (a) The plasma antenna conductivity as a function of frequency and (b) the ratio of the reference
antenna to the plasma antenna conductivity. The reference antenna conductivity is invariant with frequency.
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After solving equations (7.12) and (7.13), the cross-sectional area is found from equation
(7.17). For a given set of conditions, the plasma conductivity is found in equation (7.16).
Equation (7.15) is solved with these parameters to give the resistance for both the metal and plasma
antenna, a plot of which is presented in figure 7.24.

From figure 7.23 it is apparent that the conductivity of the reference antenna is ~10° times
larger than the plasma antenna while from figure 7.22 its skin depth is =~10* times less. It is this
large skin depth of the plasma antenna that compensates for its poor conductivity and gives an
overall resistance within an 1-2 orders of magnitude of a metallic antenna. This is readily seen in

figure 7.24 where the plasma antenna resistance is 30-100 times that of the reference antenna.
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Figure 7.24. The calculated resistance for the reference and plasma antenna.

The relative gain between the two antennas can be estimated with the calculated values of
resistances. The gain of an antenna is defined as

G=D By 7.18
" °R,+R, (7.18)
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where D, is the antenna directivity, Ry is the antenna radiation resistance, and Rp is the loss
resistance. Since both the plasma and reference antenna are omnidirectional quarter-wavelength
monopoles, it is reasonable to assume that D, and Ry are the same for both. For an ideal A/4
monopole, R=36.5 Q [88]. Taking the ratio of the reference antenna gain to the plasma antenna

gain, the relative gain is determined in dB by

Rr + RPlasma) (7 19)

GRef,Antenna — Gprasma = 10 10g< R, + Rref
where Rpjqsmq IS the resistance of the plasma column and R,.rthe resistance of the reference
antenna. Using the calculated values of Rp;q5mq and Ry shown in figure 7.24, a plot of relative

gain is given in figure 7.25.
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Figure 7.25. The estimated relative gain between the plasma and reference antenna.

As seen in figure 7.25, the plasma antenna gain is estimated to be about 10 dB lower than
that of the reference steel antenna. This is almost within the combined error bar of the current gain

measurements. Perhaps additional factors, such as impedance matching, may bring the plasma
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antenna gain even closer to that of the reference antenna. To better understand this, more accurate

experiments and electromagnetic simulations should be performed.

7.2.4 Measuring Variable Pressure Antenna ne

The electron number density of the argon plasma as a function of power for excitation frequencies
of 90 MHz and 500 MHz at pressures ranging from 0.3 to 1 Torr was measured using the
microwave interferometry system described in [66]. A difference from that system is that in order
ensure only the microwave beam travelling through the plasma is detected, a Mast MF11-0002-00
foam absorber was used. It was rolled to form two, 6-inch-long cylinders each with a ~2 cm
internal diameter. Each cylinder was then wrapped in aluminum foil and placed into a 2-inch PVC
pipe that acted as the housing. At one end of one PVC cylinder, a variable aperture was glued. As
the microwave travels through the configuration shown in figure 7.26 diffraction around the Pyrex

tube, beams traveling around the tube, and any other reflections of the microwave are absorbed.

Figure 7.26. Microwave interferometer used to measure electron number density at z=3.6 cm above the shielding
box. The red arrow shows the direction of the microwave beam.

Because the plasma column had a diameter of 2.3 cm, the aperture was set to 1 cm. This

diameter was chosen to reduce diffraction effects through the aperture (microwave wavelength
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~0.5 ¢cm) and because any smaller diameter caused the measured signal to be too weak and
uncertainty too high. Even with this aperture size, ne measurements were found to be repeatable
only within a factor of 2. All measurements were taken at a height of 3.6 cm above the shielding
box. It was impossible to measure the axial distribution directly as neither the microwave
interferometer nor the plasma antenna could be moved vertically.

In [9], Rayner et. al. showed that for a plasma sustained by a surface wave, the electron

density scales with deposited power P, as

n, ~ A()\/P, (7.20)

where A(p) is a constant for a given pressure defined as

Alp) = fZC;(—";()m (7.21)

where C is an empirically determined constant related to the attenuation coefficient, vm is the
momentum collision frequency, and K(p) is a function depending on pressure (for a specific
electron temperature) and geometry. If ne and P, can be experimentally measured, then plotting
them in the form of equation (7.20) would allow for A(p) to be inferred from the slope. vm can be
estimated for a certain pressure. K(p) can be calculated for a certain electron temperature and
pressure with an electron number density balance. With these parameter, C can be determined and
used to estimate the axial distribution of ne as described in [9].

The argon plasma was sustained by a 90 MHz surface wave using both the AR and
Aethercomm SSPA 0.020-1.000-100 amplifier and a 500 MHz surface wave using only the
Aethercomm amplifier. The 500 MHz excitation frequency also required a Microlab S3-05N
triple-stub tuner for impedance matching since the plasma could not otherwise be ignited or

sustained. The tuner was used to ensure less than 1% of the incident power was reflected and
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allowed for the deposited powers to be identical between the two excitation frequencies. The ne
results for both excitation frequencies are shown in figure 7.27a (90 MHz) and 7.27b (500 MHz).
Table 7.1 presents the A(p) extracted from a linear fit of figure 7.27.

For both excitation frequencies, the electron number density increases with gas pressure
and applied power, as expected. The correlation between ne and \/Fo is indeed linear as described
in equation (7.20), and the slope, A(p), increases with increasing pressure. A(p) at 0.3 Torr is more
than twice the magnitude when it was excited by the AR amplifier instead of the Aethercomm
amplifier. While some of this difference can be attributed to experimental error, it may also be due
to the performance of the Aethercomm amplifier which is plagued by strong higher order
harmonics when there is a mismatched load, such as a plasma.

A comparison between the two excitation frequencies at the same pressure, same deposited
power, and same amplifier source is shown in figure 7.28. With higher excitation frequency, the
minimum electron number density to sustain surface wave propagation increases, as explained in
chapter 1.1.2. Therefore, for the same deposited power and pressure, it is expected that ne should

be larger for higher excitation frequencies.
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Figure 7.27. Measured electron number density of an argon plasma at the indicated pressure and excitation
frequency as function of power. All data was taken with the Aethercomm amplifier, unless marked with AR which
indicates the AR amplifier was used.

Table 7.1. The slope inferred from a linear fit of the data in figure 7.27.

f.,=90 MHz f,,=500 MHz

A() = FitError P A(p) = FitError

x10°  x10" x10°  x10"
Torr Cm—SW-I/Z Cm—SW-1/2 Torr Cm—3w-1/2 Cm—SW-1/2
0.3 2.6 0.09 0.3 7.2 0.31
0.3* 5.7 0.42 0.5 9.9 0.33
0.4 3.8 0.09 1 13.0 0.75
0.5 5.3 0.21
0.6 4.5 0.15
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0.5 Torr.
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8. FUTURE WORK

8.1 Fundamental Experiments

Initial experimentation and kinetic modeling of nanosecond pulses applied to parallel plate
electrodes have yielded promising results. Microwave interferometry measurements indicate that
a quasi-steady plasma with high ne is achievable and kinetic modeling indcates that the presence
of trace amounts of water vapor is enough to rapidly thermalize electrons in the afterglow of an
argon plasma. These results provide a direction for future experimental work.

To minimize outgassing and better control gas composition, a new stainless steel vacuum
chamber with electrodes embedded in an Teflon-insulated support structure has been assembled.
The vacuum chamber assembly is shown in figure 8.1a while the electrode configuration in figure
8.1b. Plasma has successfully been sustained with nanosecond pulses. This configuration allows
for voltage, current, gas composition (with an RGA), and electron number density to be measured.

The microwave interferometry measurements showed a significant portion of the probing
signal travels around the plasma rather than through it because the longer path length of the beam
allowed it to diverge more as it traveled through the vacuum chamber. Reflections of the signal
from the metallic wall (something not present before) also contribute to the measured signal.

Mast MF11-0002-00 foam absorbers were purchased to mitigate the detection of stray
signals (see chapter 7.2.3). With figure 8.2 showing the updated microwave system, as previously
described, these absorbers were rolled into 6-inch-long cylinders and placed inside of 2-inch
diameter PVC pipe. However, the path of the probing signal should be lengthened in order to
physically fit it outside of the chamber. Alternative configurations in which the absorber is placed
inside of the vacuum chamber should also be explored. The signal strength of the microwave beam

should be increased regardless of the configuration used.

144



(b)

Figure 8.1. (a) Assembled stainless steel vacuum chamber system configured for microwave interfoermetry,
voltage, and current measurements and (b) the teflon insulated electrode structur with embedded aluminum
electrodes.

@) o (b)
Figure 8.2. (a) Top and (b) front view of microwave interferometry system with 6 in. long foam absorbers inside of
the PVC pipe.

After upgrading the microwave system, experiments should be conducted with the
controlled introduction of trace amounts of water and nitrogen into argon gas. Parametric studies
with nanosecond pulse voltages up to 10 kV and a pressure range of 100 mTorr to 10-30 Torr
should be performed. Also, to improve our kinetic model of the plasma afterglow, single pulse
experiments should be performed to ensure only neutral species exist before pulse onset. This

would enable a better estimation of initial ion densities in the kinetic model.
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Attempts to directly measure the collision frequency with the 58.1 GHz microwave
interferometer and extract electron temperature were unsuccessful. Even with electron number
densities >10%2 cm™ the attenuation of the microwave signal was still too weak to detect. Next
steps should include using lower microwave frequencies, w, to probe the plasma since attenuation
is inversely proportional to w? [52]. Alternative measurement techniques such as Thompson

scattering, pulsed Langmuir probes, or optical emission spectroscopy should also be explored.

8.2 Plasma Antenna Future Work

Surface Wave Driven Plasma

With the experimental setup of figure 7.9 and 7.10, future tests to measure the antenna gain and
resonant frequency should be performed at higher excitation frequencies. Under these conditions,
impedance matching can be achieved with the triple-stub tuner and higher electron number
densities can be generated. This should lead to better conductivity of the plasma column which in
turn will improve overall antenna performance.

As described in chapter 1.1.2, the diameter of the Pyrex tube must satisfy the condition of
fR < 2 GHz-cm for 0-mode surface wave propagation. With the existing tube diameter, this
condition is only satisfied for fex<1.7 GHz-cm. Thinner tubes with internal diameter of ~1.3 cm
and a glass-to-metal seal like that described in figure 10b should be used in order to facilitate a
new maximum fe=3.1 GHz and investigate the effects of tube diameter on antenna performance.
Moreover, antenna height, gas type and pressure should also be varied to experimentally observe
their impact.

Better coupling of the excitation and antenna signals to the plasma column should be

explored. Improved coupler design should increase the efficiency with which plasma is generated

146



in the column and thereby increase the electron density produced for a given power and excitation
frequency. The design of the shielding box and surrounding metal components may also affect this
coupling. As such, experiments should be performed with the shielding box located below the
ground plane and with a closed, electrodeless glass tube consisting of a known gas mixture at one
pressure.
Nanosecond Pulsed Driven Plasma
Now a proof-of-principal monopole plasma antenna has been created, more focus should be placed
on utilizing nanosecond pulses for sustaining a plasma column. Due to the coupling sleeve design
and the glass thickness of the current variable pressure plasma antenna, a significant voltage drop
occurs when igniting the plasma with the FPG 10-100MC2-10 pulser. The first step should be to
apply pulses with higher voltages to this electrodeless design, such as with the FID FPG 10-1MHN
pulser. The second should be to further investigate a direct-electrode design in which nanosecond
pulses can be better utilized. Preliminary efforts on such a design have been successful with light
bulbs with the form factor shown in figure 8.4. To reduce electrode degradation, parametric studies
with voltage and pulse repetition frequency should be performed.

In conjunction with these efforts, a circuit (like the one described in figures 7.5 and 7.6)
should be designed that can safely isolate the measurement device from the pulser’s high voltage.
A method to synchronize the measurement device with the pulse repetition rate should also be

developed to allow for time-resolved noise data to be acquired in the plasma afterglow.
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Figure 8.3. Preliminary tests with a nanosecond pulsed, direct electrode excitation. (a) antenna consists of an SMA
connector soldered to the electrodes of a light bulb, (b) successful ignition with nanosecond pulses of this antenna,
(c) setup with ground plane that will allow the light bulb to serve as a plasma antenna. A technique to make S11
measurements still needs to be developed.
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APPENDIX A. CONDUCTIVITY AND PERMITTIVITY IN PURE ARGON

Conductivity and permittivity in pure argon was also explored. A simple kinetic model for
pure argon was developed assuming a gas temperature of 300 K. The influence of pressures, p,
tube diameter, D, and initial electron number densities, ne,o, 0N o and &r were explored over a range
of frequencies of f- 30 MHz - 1 GHz. We considered p=0.01-30 Torr, neo=1x10-1x10% cm,
and tube diameters of 0.4 and 2.5 cm. Quasi-neutrality was assumed, SO Nio= Neo, and it was
assumed the initial ions present after a pulse at t=0 are only Ar*. The electron temperature was
determined as described in chapter 3.3 without considering the presence of H>O. The only loss
mechanisms considered were three-body recombination (R5), dissociative recombination (R2),
Ary* formation(R6), and ambipolar diffusion. These reactions with their rate constants are
presented in table 3.1 in chapter 3.2. For ambipolar diffusion, the inverse characteristic diffusion
length of 1/4% = 2.4/R? was estimated using a Bessel approximation for a cylindrical geometry
assuming the tube length is much larger than its radius, L>>R [43] and the mobility of Ar", given
in chapter 3.4, is used.

The model was solved in the same manner as described in Chapter 3 and equations 4.3-4.5
used to derive conductivity and permittivity in pure argon. The effects pressure and tube diameter
on the calculated ne decay profile are shown in figure A.1. As pressure is increased, the decay rate
decreases up to 1 Torr and then increases beyond it. This occurs because at low pressures of 0.01
and 0.1 Torr, electrons are lost at the wall due to ambipolar diffusion which happens faster than
three-body recombination with Ar*and dissociative recombination with argon dimer ions since
ion-conversion is a long process at such low pressures. These processes are still slow enough at
1 Torr that electrons are long living. With increasing pressure, the time for Ar* to convert into Ar,*

decreases since the number of argon neutrals increase. As the density of argon neutrals increase
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with pressure, the collision frequency also increases, as seen in figure A.2, since there are now
more molecules with which electrons can collide. In turn, the time for electrons to thermalize
decreases with increasing vm meaning that the rate constants of Ar," dissociative recombination

and three-body recombination will also increase, causing a more rapid decay in ne.
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Figure A.1. The modeled decay of ne in argon plasma afterglow for various pressures and tube diameters.

Figure A.1 also shows the effect of tube diameter on the decay rate of ne. At p<10 Torr, ne
decays several times faster when the tube diameter is 0.4 cm than for a tube diameter of 2.5 cm.
The characteristic length scale for ambipolar diffusion is 10 times smaller at D=0.4 cm compared
to D=2.5 cm. Therefore, electrons will more readily be lost to collisions to the wall. However, as
pressure is increased, ambipolar diffusion is suppressed and the effect of tube diameter becomes
negligible, as is clearly the case when p=30 Torr.

The conductivity and permittivity in the plasma afterglow for various radio frequencies is
shown in figure A.3. At 30 MHz and 100 MHz, ¢ increases in the plasma afterglow, more than
doubling in the case of 30 MHz. At 300 MHz it slightly decreases but experiences an order of

magnitude drop in 100 pus at 1 GHz. At all radio frequencies simulated, e becomes more negative,
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falling by a factor of 10 at 30 MHz, 3 at 100 MHz, and 2 at 300 MHz. It is relatively constant at 1

GHz.
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Figure A.2. Decay of v in the afterglow of argon plasma at various pressures.
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Figure A.3. The modeled (a) conductivity and (b) permittivity at various radio frequencies in the afterglow of argon
plasma at p=1 Torr, ne,=10'2 cm™ in a tube with D=2.5 cm.

For a fixed signal frequency of 30 MHz, the effect of pressure on conductivity and
permittivity is shown in figure A.4. ¢ is maximized at 1 Torr due to that being the condition with
slowest ne decay rate, but the maximum increase in the afterglow occurs at 10 and 30 Torr where

it rises by about an order of magnitude in 100 ps. This occurs due to the large collision frequencies,
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and consequently faster rate of electron thermalization, at these pressures. The conductivity at
0.01 Torr is not shown since it is close to 0 in the plasma afterglow due to the rapid decay of
electrons at this condition. e is negative and decreases in the afterglow for all pressures except for
0.01 Torr. At this pressure, & is positive and remains at ~ 0.9. The decrease in o and increase in &

at p=30 Torr at t = 40 ps corresponds to the increase in vy at that time.
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Figure A.4. The modeled (a) conductivity and (b) permittivity at various radio frequencies in the afterglow of argon
plasma at f=30 MHz, ne,=10%2 cm™ at various pressures in a tube with D=2.5 cm.

Figure A.5 shows ¢ and ¢ in the afterglow at various initial electron number densities, at 1
Torr and signal frequency of 30 MHz and 1 GHz. Compared to 30 MHz, an order of magnitude
larger ne must be reached for a 1 GHz signal to achieve the same conductivity. r is negative for all
of the initial electron densities at both signal frequencies except for at ne,=10'° cm= at 1 GHz
where it is positive.

From the results, it is observed that the conductivity in the plasma afterglow can double at
signal frequencies of 30 MHz and increase or remain constant for frequencies up to =300 MHz.
This makes it difficult to operate at frequencies approaching 1 GHz since no benefit of the

afterglow increase in o is achieved implying operation is only possible at very high electron
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densities. Of the pressures modeled, conductivity is maximized at 1 Torr but the largest increase
in o over 100 ps period at 10 Torr. Therefore, an optimum pressure that both maximizes and
provides the greatest change o after a pulse should be between 1-10 Torr.

Most conditions yield a result where the plasma has very large negative values of e,
implying that it will be able to sustain a surface wave for plasma antenna purposes. The positive
permittivity present at 1 GHz for ne,=10%° cm™ as seen figure A.5d reveals that operating at such
high signal frequencies, one can easily shift from a positive to negative permittivity by simply
increasing the number of electrons produced in a pulse. However, conditions in which & is positive

cannot sustain a surface wave disabling the ability to capacitively couple to any plasma antenna.
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Figure A.5. The modeled (a,b) conductivity and (c,d) permittivity at various ne, in the afterglow of argon plasma at
1 Torr in a tube with D=2.5 cm. (a) and (c) f=30 MHz, (b) and (d) f=1 GHz.
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APPENDIX B. ARGON IONIZATION COST VOLTAGE AND CURRENT
MEASUREMENTS
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Figure B.1. Reconstructed applied voltage and current profiles for indicated commanded voltage pulsed at a
repetition frequency of 0.1 kHz onto argon plasma at the indicated pressures.
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