U.S.NAVAL

ESEARC
LABORATORY

Building Better Mousetraps

Hollow Cathodes and the

Path to a Plasma Density “Standard Candle”

Presented to the Michigan Institute
Michael McDonald for Plasma Science and Engineering (MIPSE)

U.S. Naval Research Laboratory October 26, 2022
Washington, D.C.

DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.




U.S.NAVAL
ESEARC

LABORATORY

g o 7 Fasadenn
q?_)anp m"ﬁr Rocxville S 1o )
=)
Beth D S
Sterhing RN Bowig
2 - Bethesda Solegn i ¥ e Annapolis
A Lanham
. . . Reston Hyattsv|ie A
NRL is in SW Washington, DC o ‘ @ Pt
. T i}
15 minutes from downtown. @
Chirtilly - @
i )
i
Céniay iy fval Research il
= Pt =
= o -
= @
t_g kirk
— P Lt =0rt :
Woodbrige 361)
Dale City == Go r.],hx_
2

The United States Naval Research Laboratory




us.NavAL| NRL Mission:
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"The Government should maintain a great research
laboratory... In this could be developed...all the
technique of military and naval progression without
any vast expense.” --Thomas Edison

Naval Research Laboratory Founded 1923
Meet S&T needs of the US Navy and Marines

NRL is a $1B organization employing over
1600 S&Es, over 50% PhDs, conducting basic
and applied research spanning the depths of
the ocean to the far reaches of space ;




Ugsg;\géL Naval Center for Space Technology (NCST)
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50’s: Project Vanguard put the
first US satellite in orbit.

e 60’s: GRAB1 first surveillance
satellite

e 70’s-80’s: Developed initial
GPS

e 2000’s: TacSat tactical
communications

e 2010’s: Robotic Servicing of
Geostationary Satellites
(RSGS)
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. Special thanks to our NRL Plasma
Physics Division collaborators whose
work is featured in this talk:

— Erik Tejero
— Dave Blackwell
— Ami DuBois

. And to all our intern alumni since 2019!
—  Matt Paliwoda (UIUC>NRL)

Mike McDonald Logan Williams Marcel Georgin —  Margaret Mooney (WMU)

—  Hannah Watts (WMU-> Aerojet)

— Hannah Sargent (WMU)

— Anil Bansal (UM)

—  Anna Sheppard (UW->JPL)

— Jacob Halpern (Purdue)

—  Emil Broemmelsiek (UIUC)

—  Austen Thomas (WMU)

— Adrian Vicente La Lande (GT)

—  Henry Shi (SUNY)

; ) — Jose Orozco (UC Davis)

Jack Brooks Nolan Uchizono Mitchell Paul Moises Angulo-Enriquez (UIUC)

—  Roxanne Pinsky (UM)

—  Arega Margousian (GT)
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usnaval | Background: What is a Hollow Cathode?
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. Why work with cathodes? _
—  Smaller, cheaper, easier than
thrusters .,
—  They’re a common pain point (hot, ’
power-hungry, delicate, single points
of failure)

Cathodes: That bright little spike in the middle of cool Hall thruster photos

Orifice Plate

—  Share many similar physics problems

lons born at high energy
sputter a lot

. Operating principle:
—  Gasflows into a long tube

—  An “emitter” at the end is heated to
thermionic electron emission

—  Electrons are drawn out toward a
“keeper” to ignite a plasma

—  External heaters are turned off; the
plasma stably self-heats

Keeper

/

lons born at low energy

GaS Feed sputter only a little

. What could go wrong?

—  Plasmainstabilities at high ratios of
I, /1 drive energetic ion
bombardment producing keeper

. i Plume Region
erosion Resistive Heater g




How Might We Suppress That Instability?
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Try Breaking Up the Keeper Orifice

e We know ion bombardment can

destroy cathodes

— more current or less neutral
damping exacerbates instability

Some results suggest triggering in
regions of high radial plasma or
neutral gradient

Could breaking the keeper into a
“showerhead” style with multiple
orifices help?
— Lots of hand-wavey reasons to say
“maybe”
— But what a nice toy system!

0 hours 4693 hrs 6408 hrs 11673 hrs 15617 hrs
Snevas Worst case scenario: Complete keeper erosion

‘,.,
i
4

(NASA NSTAR extended life test)

Plasma density

NosmeT fimtmly 50x1077 2061077 8.4x10™" 342107 14x10™

Quicscent regions

JPL modeling (Mikellides) identifies active region in wings of cathode plume

g: ;D]

Many-holed keepers can soften gradient by spreading plasma
(middle) and/or neutral gas (right)
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Experimental Configuration:
External Anode Testing

Cathode




UfégﬁgéL Reduced Erosion on MO Keeper
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[ BEFORE ]

* Single Orifice:
— Graphite erosion
— Stainless scouring

* Multiple Orifice:
— No erosion of graphite
spray seen

— Net deposition
(backsputter) seen
instead

AFTER
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Discharge Voltage Anode- Discharge Current RMS
Cathode Oscillation
60 30
55 ’\ ° i;lnglle ?rglc.? < 5 Q e-Single Orifice
> 50 \ pitipie Lririce g S e Multiple Orifice
S i < 20 ¢ e
© + [ N
% 45 \ Single Orifice S *
> e Instability Onset £ 15
() 40 [ )
kS . 2 10
c 35 ) ©
< ® I 8
30 Aa = TOee =N o 9 0O < ° * oo
25 [ tes 0 ‘."Ooooooo:‘:umﬂ'ff”f
10 12 14 16 18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30
Argon Flowrate, sccm Argon Flowrate, sccm
10%-20% lower power Current delivered more stably
10
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Hey! It Kind of Worked!
But, ummm... Why?

SCIENTISTS!
INVESTIGATE!

BUT WRE
L PLam

NG
hwe‘cm:r!
... FINE.

Ly




Ufs-gﬁgéL Experimental Apparatus
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Probe Array

|

O
TR v e e

Hollow cathode operating parameters
e m=20sccm Ar

e I;- =15A

¢ Vdc =29.1V

Measured

2D Domain

> =3

* Langmuir Probe (n, T,)

* Emissive probe (1},) -

* lon saturation probe (v24T)

* Can use to evaluate Ohm’s law and P=7E-5 Torr \EEEEERIET
determine flow field for electrons

Anode

See: Georgin, Electron Transport in Multiple Orifice Hollow Cathodes, J. App Phys 2021




usnavaL | 50: Forces Influencing Electron Flow Direction
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Radial Forces Axial Forces
O e [ () Frr [4] (0 For Y] (@) Fe. (Y] (@) Fp.[Y] () Fo. (Y]
60
40+
20
o
H—20
40
Radial electric and drag forces dominate in the
plume region for the standard cathode )




usNavaL | MJO1: Forces Influencing Electron Flow Direction
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Radial Forces Axial Forces
(8) Fer[¥] (h) Fpr (%] () Fos[x] () Fe:[x] (k) Fp:[x] () Fp.[¥]
60
40+
20}
H—‘Z()
-40) ¥t
Radial electric and drag | | Axial component of drag
forces are strong is comparable




usnavaL | MO2: Forces Influencing Electron Flow Direction
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Radial Forces Axial Forces
e (3] (1) Fre[}] () For[¥] ® Fe. Y] @ Fre[Y] () Fo.[Y]

40

20
- | | | |
Radial electric Drag Axial pressure contribution
force reversed ' reduced dominates the plume.




UgégﬁgéL Electron Transport Physical Picture
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Electric field
dominated

Eisa response in the
plasma due to
changing pressure and
drag conditions.

Pressure
dominated

E is suppressed because design increases pressure and reduces drag




‘ ”é“ggﬁgéL \ ...Now What?

LABORATORY

Goal: learn to
manipulate forces for
future designs

—S—— 17




usnavaL | Cathode Physics
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Orifice Plate

Enhanced e- resistivity

Enhanced e- resistivity

3 Fluid Result

[ ]
= s Sy S
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Internal plasma:wes,, | /.47 & 1 1 kil
O 2 © Plasma density
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”SSEﬁXéL Streaming instabilities

|AWSs cause effective drag force on electrons by distorting
the distribution function

The effective collision frequency can be
10-100X Coulomb collisions

=

=

=

2

£

E A Con caA Expe |rnent i
] 16 Planar Anode Expenmem

o —OCa2D | Anomalous (b=1.25)

= OrGa2D-ll Any rrﬂl s (b=0.25)
—o— OrCa2D-ll Classical

25 85 45 65 65 75 85 985 105 1156
z (cm)




usnaval | Anomalous Electron Transport Physical Picture
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 Fareg

v @ e
V(R

R
—MmyUyV, = E

—

1. P, pushes electrons from cathode to the anode

The next several slides draw from: 20
IM.P. Georgin, “Comparison of the quasilinear theory of anomalous electron transport with Ohm’s law in a thermionic hollow cathode”, submitted to Plas. Source Sci. Tech Oct. 2022




usnavaL | How do we model this turbulence effect?
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of, Pressure Collisions E Field | Effective force
— + ‘7 ( fe) __‘7 (fe) - [fe]

at _V(nOTeO) — MeNoUeoVe — NoqEg = qz nwE(:k)
Time

variations Collisions
Convection Forces
5
(/,7@
fo Time- average guantities

Ty % Time-average
/)7@'7 % effect of oscillations
b .
\ Convection Forces Collisions (duasilinear theory)

- (Ufo

) 0] — miezwvv(fwg(t))




UgégﬁgéL What are we interested in knowing?
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Fluid Kinetic
Pressure + E field Wave effect

—(V(noTeo) + noqﬁo) =~ qz n,E;,
w

How does the fluid picture
compare with the kinetic picture?

22
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—(V(noTeo) + noqﬁo) = (q Z nwEZ)
w

Emissive Probe

Floating P\r(:be /
Need to measure: |
1. For Ohm’s law (Fluid) —
1. Den5|ty Ion Saturation Probe
2. Electron Temperature Integrated triple probe design

DAQ: 12 bit oscope

: ial = E fi
3 Plasma pOtentlaI E field Probe is calibrated with a chirped reference signal.

2. For QLT (Kinetic) _
1. Density oscillations Need to determine:

2. Plasma oscillations — E field 1. Fourier amplitudes
. w . 2. Phase delay between
(E, = —ik¢p, and k = is assumed) field and density .




Ufs-g'ﬁgéL Experimental setup
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. oy e Cathode . Anod
Operating Conditions i Probe L

;0 =20A
Vg =274V
m = 20 sccm

P =400 uTorr

100 - ‘ :
Experimental Domain

- Anode
) | \

r [mm]

~ Measure on axis along the
| Cathode
l length of the anode

0 50 100 150 200 250 300 350
z [mon]

24




Ugg,'gﬁgéL Oscillation data analysis process
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Fourier amplitudes Wave fronts coincident F ®
101:’ Tonization 1 1(a) on prObeS I I;
N , 1ar Y
£ ' ; Phase delay correction _ ®
= - vl Phase delay introduced I I ®
— 1010} : A O A E 7V (b) T
g . vl ! 't = hAs A by small misalignments ] I.
% 1 1 q;? | | P
& ! . .
o I 1
N : | 0. Corrected Phase Delay
100 100 109 - m/2 ©
f |Hz !
—7/2 : : <
0 5 10 £ o
£ [MHz| <
_ﬂ-/z L L
0 100 200 300
Z III]IT]] 25




Ugégﬁgét Experimental Results: Ohm’s law (Fluid)

LABORATORY
30 0.1p
07 Y i g I/:[(, o W 'E
0.6 _e%n 125 \E\ 0
- *PN00 -0 0-¢ =
0.5 oo Ve {20 . -0.1
) e¥ K 2
. 041 5 | =
_.S ‘ 15 Fé 0.2
x O 110 2 03
o 0.2 O ) Mi = ui/CS
' ¢ 2Y = _2/m,
%0 I | S 04l @ Bluio) = —2/mi (V: (Peo))/mo
0.1+ @Eﬁ!ﬂ&sﬂ'ﬂ'"&'ﬂ:i'ﬁ'g-- o &_'O u; estimated from pressure and inertia
- 3
0 ‘ ' 0 -0.5 ‘ :
0 100 200 300 0 100 200 300
z [mm)] z [mm]|
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UfégﬁgéL Experimental Results: Comparison
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Kinetic 0.6
qz NwEe 05 |
o fh
045 | Th
E /
1 i 0.5 IJ.J: ‘ﬂ F,n (no ion drift) ,,%“-"-
* Excellent agreement is found near = I T}} { %{,
the cathode. < g2 H$ H‘ ! %__d%.—-'{*"'
@] WL " /
* Improved agreement downstream & | ?ﬁ ¥ i (with jon drift) {
when accounting for ion drift. éiiﬁi% ?
. 0 - L S
Fluid = 2--

—(V(noTeo) + anE)O) e 50 100 150 200 25




usnaval | Anomalous Electron Transport Physical Picture
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(1) (2) (3)

V(P .
_ <e>_m:E
n

Kinetic

qz Ny Eg
w

—

1. P, pushes electrons from cathode to the anode
2. Fgrqq4 (resistance) from turbulence slows them down

3. E pulls electrons to conserve [ ;. but requires more V..
28




UgégﬁgéL Experimental Results: Electron drift velocity
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3
M, flattens in low field
207 / pressure region
2+ Buneman regime

0.5+ Ion acoustic regime

Acceleration of electrons in
high field/pressure region 0

0 100 200 300
z [mm]




Experimental Results: Anomalous Collision
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Georatory. Frequency
101[)
There are large variations in :
SYTAT = 1;;"_”:
anomalous collision frequency it i gl
N :g_-l-'f’Eqn. 21
_ -0--G"
-t Sa_gdeev: VIAT = Vs
108 |
. . . ; ¥ Eqn. 12
Estimate from single probes = Sogdor + o i v = 12 a
= 107 ‘L:IgT :nm-df -6 -9--0--%--0Fqn. 22
Sagdeev |V|Od€|S : h'\ \blg SVIAT = .DU' ] .i Eqn. 23
nq ll‘u, "E—""E-/-.._i‘ npr . M (8] /F.,.d 1.
Collision frequency from QLT (Kinetic) e ™ NS
Hp . : To-g -0 _ \Y ]
Collision frequency from Ohm’s law (Fluid) ve 7 T TET-B G- 3o _dRef 2
. « . 103 3 ! 1 |
Classical collision frequency 0 50 100 150 200 250
z [mm)|
30
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* Understanding anomalous electron transport is important!
— Critical for cathode lifetime and performance prediction in EP devices
— Also “kind of a big deal” in other plasma systems

e Our measurements show that the force deficit from the fluid Ohm’s law picture is
well represented by the kinetic quasilinear theory
— We can experimentally measure electric and pressure forces to infer drag
— We can estimate drag via Coulomb collisions in the IAT framework using probe spectra
— The results line up pretty well!

 However, when cast as an anomalous collision frequency, the results highlight the
spread in different estimation methods
— It’s not yet clear how best to shoehorn this kinetic effect into a fully fluid framework

31




2] DuBois et al, Rev. Sci. Instrum. 92, 015118 (2021)

ssnaval | Plasma Impedance Probes:

Peomaror Shifting from Flux to Frequency in Plasma Diagnostics

Plasma Plasma
Density Frequency

*  The Langmuir probe (LP): the original plasma diagnostic o | (s

— Density ne calculated indirectly from flux; errors up to... ?

: e : 1.0 E+06 9
—  Fluxis a multi-variable function f(V,, n,, T, A,, Z) 1.0 E+07 30

— Density calculation affected by beams, EEDF, B field, etc. 1.0 E+08 90

1.0 E+09 300

1.0 E+10 900

* However, most NIST-traceable measurements rer on LOE+11 3000

time and length

— No such thing as a plasma “standard candle”
to calibrate probes

— Could we use the plasma frequency instead?

1.0 E+12 9000

* Some history on the plasma impedance probe (PIP)?
— NRL has developed PIPs since 20052, flown on ISS since

2019
* Maxn, = 108 cm (f, = 100 MHz); time resolution T = 100 ms NRL’s large plasma impedance probe on the International
—  Could we use them for higher density plasmas? Space Station measures static (t = 100 ms) plasma densities
- Would like n, > 10 cm (f, = 1 GHz), T< 10 ps up to 10% cm3. It would be nice to make dynamic (t = 10 ps)
measurements up to 10*° cm3!
(1] Blackwell et al, Rev. Sci. Inst. 76, 023503 (2005) 32




How Does a PIP Work?
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meomron 1IN the Ideal World...
200 0 ] e — !
—— Balmain Fit . ’// ‘}’.E
«  Sweeping an antenna through a plasma’s 5% i G 1 x g
upper hybrid frequency f, produces: § 100 Eo -~ ~ E
— A maximum in impedance magnitude N 5l h n f 5
— A 180° phase shift in phase of S—— S I8
200 400 600 800 1000 200 400 600 800 1000
f(MHz) f(MHz)
* Ifyou know B, you know n: The PIP impedance spectrum both peaks and phase shifts at f,,,

2 _ 2 2
- Wy~ = wpe + ch

whe X1 and Q. x B
Antenna

*  Fundamental questions:
— Is this method accurate?

— Can you measure a useful density range?
Y y rang RFI ‘{3

Can you get good spatial resolution?
A PIP in action:

Can you get good time resolution?

—  Can you do it cheaply? f % RF transformers pick off the RF
RFV voltage (RFV) and RF current

(RFI) to compute impedance Z

33




The Three Most Important Rules of Antennas:

U.S.NAVAL
Rt Calibrate, Calibrate, Calibrate

1. Choose an antenna
design

2. Measure Z=Z(f) with
R/L/C standards in place
of antenna

Calibration plane
The PIP v1 above uses a 0.75 cm dipole to

minimize Vn error with a 1.25 GHz balun

3. Verify individual R, L and
C calibrations applied
jointly to a known RLC

circuit =
, RFI 4
Goal: Isolate line effects to
measure only the load at your DAQ
DAQ (despite the stuff in REV
between)
This calibration standards board ﬁ
mimics the PIP layout, but replaces
it with known R / L / C standards RF In

34
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. A balun transitions from a balanced dipole to unbalanced
(i.e., grounded shield) coax line

—  But beware if it has a resonance in your range of interest!

—  Options:
*  Test far away from the resonant regions
e Calibrate/de-embed the resonance
e Choose a different balun
*  Eliminate the balun entirely

. De-embedding: a technique to analytically remove circuit
elements you can’t otherwise calibrate out
— Many RF circuit elements have datasheet S-parameters
—  Fun reality check: Build a back-to-back copy to check!

Antenna Vacuum Measurement Comparison

105i 1{— calibrated /
E ideal
= 104!
g 3 = Balun resonates
5 10 E 04 in region of
. N interest, similar
N 102! N to plasma (bad)
E i 1 p
1078 .

0 200 400 600 80O 1000
frequency (MHz)

0 200 400 600 800 1000
frequency (MHz)

Lessons Learned #1: Resonances are Bad

*Some* Sources of Non-Ideal Behavior

Calibration

SMA + microstrip Balun Other parasitic

transmission line impedances

End-to-End Balun Calibration Board




Lessons Learned #2:

U.S.NAVAL
roran-  Parasitic Impedance is Annoying Too

Antenna Vacuum Measurement Comparison
et i i = de-embedded

--- ideal

* De-embedding worked great

— Now we can see the next E — "’“'”’““‘“‘j
problem e
u —_ -
\ /
* Even after de-embedding, we . .-
are way off (ora nge vs. green) 0 200 ﬁez?lgncye(ohz)m 800 1000 0 200 ﬁen;?jc;ncyts((;;)Hz) 800 100!
— To get gOOd agreement, we
need to add a lot of Modeling Effects of Circuit Components
Cca pa Cita nce , Even after removing balun, parasitic aIJpacitance is still significant
wqé — ::::jl:aelin+dlpofe 1 Parasitic capacitance / T
] == SMA+balun+dipole-+Courasmc - drives >500 MHz shift
*  We will come back to this £of |
problem in a few slides! i
T 2% sfégque;igwlﬁgo 1250 15'oé 0 250 Sfé:queziswlr?? 612'50 1500

36




A Quick Look at Some Data:

U.S.NAVAL )
RESEARCHH PIP vs. LP in a Cathode Plume

* Experimental setup:

— Plasma Test Facility (PTF): 0.7m x 1m, 4000
L/s

— Argon-fed LaB, hollow cathode, 10-20
sccm

— Applied magnetic field ~100s G
— Cylindrical mesh anode
— Fixed measurement far downstream

solenoid

lel5

/
— PIP 7’ = -~

- LP 7 \\ //

N
N\
Y
/
L4
\

Plasma Density, m3
=
N\
b Y

o

0 1 2 3 4
Magnet Current, A

Result: We see the right general trend in PIP vs. LP, but parasitic i v {
capacitance matters a lot! Uncorrected, it gives values off by ~3X NRL PIP and comparison LP placed downstream of 37

-

anode on axis in n_ ~ 10° cm3 = 10'°* m3 plasma
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Making Our Lives Easier:

Transition from PIP Dipole to Monopole

. When a system is complicated, what do you do? Simplify!
—  The dipole has balun and parasitic capacitance problems
—  What if we go to a monopole “ball on stick” design?

. Why use a ball on a stick?
—  Analytically tractable
—  Simple parasitic modeling
—  Heavily developed pre-ISS for NRL PIPs

e Drawback was uncertain return path in low n, environment
(sounding rockets or ISS)

*  Promising for high n, thruster environments
—  Benefits IN survivability and sizing
*  1-cm spherical monopole can be as “big” as a 3-cm dipole

. Results:
—  Improved modeling allows dynamic range ~103

—  Cathode static plume mapping looks good against LP
comparison

—  Capable of time resolution better than 100 kHz

low n,
large A,

Balun-less Monopole: Promising Next Step
Return path predictability OK w/highn, ~ 9hne

small A,

L]
Spherical

™ monopole

Reminder: resonances in your frequency range of interest are bad

ey First Attempt

123456789

| 100THS
: 5 -
789 1234586 1
ol "y:.‘““ "

PIP Monopole: »:” “Ball on a Stick”

e
102024 231 1 4

o 16 3Cz.--‘-ra's . a El 12
{ V4 .:

OPVLRRRERRRMRRIR |1 1111 111111111111
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Let’s compare two cases:

— Sphere model: free-floating sphere
in infinite uniform plasma

— Monopole: Include coaxial stem
and center conductor length

— No sheath effects in either case

In vacuum, they agree well!

— Only datasheet coax values and
measure ball/stick geometry
required

— No free parameters or fitting

However, plasma case is quite
different

— Major difference in f, ~50%

— Largely resolved by de-embedding
stem

()

fields observed near stem
end. Black = saturated.

-1.0 - /_\
Nt MR —— | 0.0

~
COMSOL simulation of [E] ~*°
for %” monopole. Strongest -2

Even a Really Short Coaxial Stem
Still Needs De-embedding to Measure Plasma

Monopole Impedance:
Plasma

10° /\

50 100 150 200 250 300 50

Vacuum

— PIP Data
=+ COMSOL Sim

100 150 200 250 300
-0.5

1.0 o — Raw Sim
De-embedded

Error w/o stem
\ correction

LZ

-0.5
1.0

<15
50 100 150 200 250 300 50
f (MHz)

100 150 200 250 300
f (MHz)

Simulation captures
vacuum impedance very
well with no fit

Accurate plasma
impedance requires
stem de-embedding
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Aside: An experimental oddity

Ideally, Re[Z] and Im[Z] show
identical plasma frequency

— So why don’t they always in
practice?

Damping of the plasma resonance
affects result
— Shifts or even eliminates zero
crossing in Im[Z]

— Also shifts peak in Re[Z] (less
obvious)

Unexpected finding:

— Subtracting vacuum impedance
.(Zdiff = Ziota = Znoplasma) resolves the
issue very effectively

— Great, but why?

f, =180 MHz
(n, = 4x10% cm3)
Moderate Damping
|Real| _—~
b
102 4 'h-__h_____';:__/——; \\\
* + Zypd
E 10" 4 . . Z-m c‘::l]a
o Znopiasma data
Za fit
Zoot §
1004
[V R — —
102 . M ) ’\\.
1] " W
10 Zero Crossing « |
€ 10; E Shifted
& -10°
-10! 1 d .1
-10? I—— _-4-’/ .f":é’i’
-10% 4 :
6x 107 108 2x10°

Frenuancu

f, =120 MHz
(n, = 2x10% cm3)
High Damping
|Reall 7

107 - ..._..——-—*'f"f/? \
3 3 . ;.VZJ.‘,. data \\
10° 4|, & Z1oa data S
' o Znoplasms data "

Zan fit
Zooea: fit
10° Znopiasma 1t
0 4 spomg - —
102 - w
10 4 ) |
Zero Crossing

10; e Gone |
-10° -
-10! A .
~10? 1 ;,/“\%
10r . . , il

6x107 108 2x 108

Frequency
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Resuming our regular programming:

 De-embedding the stem helps,
but it’s not enough. The sphere
model:

— captures f,, well, but...

— overestimates impedance
magnitude (i.e., has too little
capacitance)

 Where is the extra capacitance?

— Look at difference between top
and bottom halves of “lollipop”

— These strong fields are a region
that will also have quite a bit
higher capacitance

— Effect increases as sphere size
decreases

+ De-embedding the stem helps,
but it's not enough. The sphere
model:
= captures fy, well, but..

- overestimates impedance
magnitude (i.e., has too ittle
capacitance)

* Whereis the extra capacitance?

- Look at difference between top
and bottom halves of “lollipap”

- These strong fields are a region
that will also have quite a bit
higher capacitance

- Effect increases as sphere size
decreases

COMSOL simulation of [E|
for %” monopole. Strongest
fields observed near stem
end. Black = saturated.

|Z] (Ohms)

Remember how we were missing some capacitance?

Plasma Impedance
(no sheath)

1044
1035
1073

107§

1Sphere capacitance

1z

too low
>Z

phere monopo/e)

—— sphere
-~ monopole
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Finding the Capacitance Permits Better Design,

Modeling and Experimental Practice

. How does this change our understanding of
the monopole capacitive coupling?

— Initial NRL models[1] assumed the grounded
tank, effectively letting ¢ = infinity

—  Butit’s actually the grounded coax shield

. To fix this we:

Constrain “c” as the “effective “ spherical

radius of the sphere — coax interaction
—  Subtract this new more capacitive (negative)
vacuum impedance

*  We can approximate this pretty well
experimentally by subtracting the vacuum
impedance!

. Result:
—  Much better isolation of f, and n,

—  Extends dynamic range over which we can
analyze a given sized probe[2]

[1] D. D. Blackwell, et. al, Rev. Sci. Inst., 2005, 10.1063/1.1847608.
[2] E. D. Gillman, E. Tejero, et. al., Rev. Sci. Inst., 2018, doi: 10.1063/1.5033329

calibration plane

PIP Monopole

Electrical model

; _—_’——l— Zsheatn

Zo, B

—

Zp1as ma

10 ;
/;’4}}\
100 __.z=Fi s
S
N
Q
< 10! 4 :
-= Zgirr, low — Ziot, low
== Zgits crit. — Ziots crit.
== Zgis, high —— Zor, high
0 T T l T L

Plasma model

Sheath ~. >

Monopole

¥~ Coax inner
Coax outer conductor
conductor N

=

-10* T

0.8 1.0 1.2
Frequency, w/wp

0.6

Other findings: (too small for this margin to contain)
. Besttoletr,> A,
. “Effective” probe size ~3X real size




usnavaL | Another Quick Data Look at PIP vs. LP
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Case A (quiescent)

e Cathode comparisons:
— Decent agreement from low 106 — mid 108 cm™

— Hard to get good comparison against a single LP
over this large range!

*  Future work: comparison against multiple LP

- - ; lels Current 5A
types in situ across larger plasma density ranges ————— 2° Voltage 37V
204 15 1 Flow (Ar) 20 sccm

B-field

none

Radius (in)
5

15 A

5 6 7 9 10 11 12 13

8
Axial Distance (in)

Centerline PIP vs. LP

Rough agreement
(PIPvs. 1” diam LP)
upton=4x10%cm?

(m=3)

1.0 4

Plasma electron density

50% difference

0.5 -
at10°cm?3

0.0

T T T T T T T T T
4 5 6 7 8 9 10 11 12
Axial distance from keeper orifice [in]




PIP Rules of Thumb:

U.S.NAVAL

Pt Static, Single-Point Measurements

* Size monopole with sufficiently large radius to capture
desired lower density limit (r >A;)

 Move calibration plane as close to PIP as possible
(short coaxial stem) and de-embed remaining stem

* Potentially subtract off PIP vacuum impedance as a
shortcut to nonlinear impedance modeling




What about Time Resolution?

U.S.NAVAL

Pt 100 kHz Straightforward; >1 MHz Perhaps?

* There are two ways to get Z = Z(f)
— VNA method: Measure Z carefully at each individual

The RFIV board

frequency (slow) . ' picks off the PIP

— Pulsed RFIV method: Send in a pulse with antenna current
broadband frequency content, and use FFT and voltage for
DuBois et al, Rev. Sci. Instrum. 92, 015118 (2021) data acquisition

RFIV Board vs. VNA Output

VINA: ~1s; pulsed PIP: ~10us

Gaussian Monopulse Input Signal

Spectral range tuned for expected n,

5 00 0 -w"tl\-r*w'\r‘w% 1
S _o.0s ) w22 = 2 :}
~0.10 - £ = e'/2 w, teXp(— & ) V L — VNA sweep
FFT 2 0.2 FFT ‘ — RFIV-scope-AWG
0.15
3 2 1 0 1 2 3 a 0 10 20 0 40
t le-8 t(ns)

o _REV
~ RFI -

FFT Amplitude
= oN
n o

00 02 04 06 08 10 0 200 400 600 800 1000 H ” =
Frequency [Hz] 1e9 f (MHz) ) reawncy (M




What if You Used Your Antenna to Transmit and
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So far we’ve only talked about sending signals from an
antenna into a plasma, and measuring the antenna’s
self-impedance

—  What if we have more than one antenna?

—  Can we get anything from the mutual impedance?

Technique:

— Use antenna array’s mutual impedances [Z,,,[ to detect
plasma presence

—  Sweep through frequency to capture Z=Z(f)

—  Start with a 2D geometry

That’s a beautiful dream. Where are we in reality?
—  Derived theory of mutual impedance probes in a plasma
—  Conducted some 2-D simulations of N, = 8 circular
dipole array
—  Developed reconstruction algorithms
*  Pseudo-inverse problem
* Incorporates multi-frequency data
*  Builds on sensitivity map “basis functions”
—  Attempting inversion of some simple plasma shapes

Receive? Or, PIP Tomography

PIP Tomography
Array G;eometry
4 2
0.

.

S ©

N
6 8

Antenna 1

Example Time-Resolved
Tomographic Inversion (Simulated!)




Initial PIT Reconstruction

U.S.NAVAL
Pt Using Moore-Penrose Pseudoinverse

. Using Jacobian constructed as indicated in the previous slide
. The pseudoinverse is calculated once and can be used to quickly produce reconstructions
. Conducted 3 numerical simulations
—  Centered 10 cm top-hat
—  Offset 10 cm top-hat
—  Two offset 10 cm top-hats
. Red dashed circles indicate the size of the perturbation

We generate the tomographic inverse for three distributions:

0.2+ 0.2 1

0.1+ 0.11
0.0+ 0.01

0.1+ 0.1

0.2 0.2 1

-0.2 0.0 0.2
9 June 2022 MagNetUS 2022 Meeting
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usnava, | O0Me brief words about image resolution,

ESEARC

Geomrore  Decause that’s all anyone ever wants to know.

Uniform Response Discretization

Resolution is Difficult to Quantify

Typically for Electric Impedance Tomography
Uniform pixel sizes are taken
An arbitrary number of pixels are chosen
Numerical modeling allows for reconstructions

Resulting reconstructions are qualitatively
compared with input dielectric maps

System response dependent on
Contrast of perturbation
Size of perturbation
Location of perturbation
Assumed background
Number of antennas
Type of stimulus

Winkler and Rieder (2014)

9 June 2022 MagNetUS 2022 Meeting
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Multi-spectral Measurements

U.S.NAVAL
RESEARCY Provide More Information for Reconstructions

. . Current Paths for Various Frequencies
Multi-frequency Reconstruction fifou0 = 0.951 fifpe0 = 1.001

* Radical changes to currents paths for
different frequencies indicates spatial
information available

* Multiplicative factor on information
available for each frequency used

e Should increase “resolution” for fixed
number of antennas

* Tailored inversion incorporating known
plasma physics will also improve
reconstruction

9 June 2022 MagNetUS 2022 Meeting 49
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Background for Accuracy Validation:

Resonant Dipole Impedance in Vacuum

| fres
I
I

I
capacitive ; inductive

1Z|

frequency

Transition to Short Dipole Regime

1Z|

capacitive

frequency

* Our PIPs are very short dipoles, hardly
antennas at all, so Z is capacitive:

1

Z i =
dipole iwC

*  We measure Z first in vacuum, then in a
plasma where Z becomes:
1

7 . =
dipole la)EpC

* The plasma density comes out of a complex
dielectric permittivity, we get a plasma
density as:

e’n 1 _e’n v

€, =1-— +i
p eoMme (W2 +v2) egm, (w? +v2)
2
, _ e'n
€EoMle

Wp

PIPs Really Measure Permittivity, Not Density

Insight for accuracy
validation: We can get
materials of known &
easily!




Could You Use a Plasma Density “Standard Candle”

U.S.NAVAL ,
RESEARCHI That Isn’t Plasma At All?

e What if you just used... a candle?

— Or any other hunk of wax, plastic, or
suitable dielectric?

* We know the dielectric constants of
materials well (and they’re cheap!)
— PTFE, quartz, polystyrene, etc.;
— Easy to find bulk materials with €=1-10

— Lossy materials could provide complex €
too

e Could this be the way to make an
absolute calibration of a PIP density
measurement?




What About a Nice Textbook Plasma for

U.SéNAgéL
ESEA
Sereey UGl ograp hy?
NRL’s Space Chamber in the Plasma Physics Division; An axisymmetric plasma column in the Space Chamber
a typical electron-beam generated plasma for validation of PIP tomography

inset,
) e A 4 R, At NS g
N T " L el (" 3
e ] . - L i

N




UfggﬁgéL Some Closing Thoughts
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PIP Tomography Example Time-Resolved
° If you can do static tomogra phy’ Could Array G;eometry Tomographic Inversion (SimUIatEd')
you do time resolved pictures too? , 3 AL -
— Simulation suggests yes... but theory isn’t "... .
practice = g
S ®
\n <
When we watch a pulsed PIP shot “ring \ .
down”, what is the damping .

mechanism?

— How does the ringdown “collision” Plasma Shot Wit fems = 200 mA
frequency to fit € compare to an effective
anomalous collision frequency?

— Could we use this technique as another
way to infer this quantity in plasma?

o
S

e
N

Vie(t) (V)

e
(=3

Irr(t) (MA)
b oo
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We are recruiting!
Interns, Co-ops, and Post-docs for
Cathodes, Diagnostics, and More!

NIRL

Summer 2022 internship application (Nov. 1): https://nreip.asee.org/labs/naval_research_laboratory
Post-doc opportunities (quarterly): http://sites.nationalacademies.org/pga/rap/
Summer faculty positions ONR (Dec. 14): http://onroutreach-summer-faculty-research-sabbatical.com/




