MIPSE Seminar - U. Michigan March 28, 2018

Plasma Control of EM Waves/High Energy Density
Plasma Jets

Mark Cappelli
Stanford University

Michigan Institute for Plasma Science and Engineering (MIPSE)
| Seminar Series: March 28,2018




MIPSE Seminar - U. Michigan March 28, 2018

Acknowledgements

G
AFOSR - MURI NS
DOE (NNSA-SSAP) '
Collaborators: L. Raja, T. Ito

Graduate students Go Blue!




MIPSE Seminar - U. Michigan March 28, 2018

Expose Students to a Wide Range of Conditions
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Hall Thrusters

Electron Transport
Models for Hall Thruster
Simulations
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Hall Thruster Diagnostics

Time-Current Synchronized LIF Velocimetry

Axial Velocities within Channel Inferred Ele'ctrlc Flpfld
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Fusion Quo Vadis? High Energy Density Plasma Jets?

Helion Energy

 Colliding/converging and magnetically-
compressed plasma jets
* conditions intermediate to MCF and ICF
* n,=10%-10¥cm3 (1023-10%*m3)
 T=10%107K
* T~0.1-5ms




MIPSE Seminar - U. Michigan March 28, 2018

Deflagration Plasma Accelerator (Mathers-type)

* two branches of operation (Loebner et al, PRL 2015)
* smooth expansion into vacuum or shock
* distinguished by prefill or vacuum fill initial conditions
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An Interesting (and Unresolved) Characteristic

In the deflagration mode the plasma is a source of
high energy protons
* small fraction of the total hydrogen flux

* evidence of this also reported by Mather in 1969
Poehimann et al, PoP 2013
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Interesting Properties at Exit of the Gun
inch
Measured: o

* jet velocity, pinch current, n,
infer self-generated B (~1T), T (20 — 50 eV)

: . 14
e flow is supermagnetosonic: M = —=1—1.5
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Expect Classic Pinch Instabilities

e plasma at exit is swept into the cathode wake where pinch assembles
e surrounding flow of higher velocity

e velocity shear serves to stabilize the pinch (Shumlak, PRL 1995)

Shear Flow

\

Plasma Density

I d~1cm

t
(kT

snipey

Axial Velocity

Velocity Profile

evidence of kink (m = 1)
instability
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Schlieren Videography of Jet and Pinch Region

Earth ground

collimating mirror
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anode rods s
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Schlieren Videography of Jet and Pinch Region

low current/low shear b o
Full 10 MHz Video
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9 kV (Hydrogen)

Time = 3.2 us

Time = 3.8 us

Time = 5.4 us

Michigan March 28, 2018 17

Current [kA]

Time = 3.4 pus Time = 3.6 us

Lower voltages (4 kV): lower
external flow velocity and
current:

Time = 4.0 us Time = 4.2 pus

Kink Mode

f) Kink Mode

ﬁ - *

Rundown |11} i Time = 5.6 us

=

Flow Around Pinch
5 ns frames from ICCS camera

h) Stabilized Flow
Time [us]
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Linear Analysis of Jet Stability

e Fourier analyzed the linearized ideal MHD equations
e |dentified the fastest-growing axial mode (m = 1, kink)
e Surrounding flow found to damp higher k contributions (shorter wavelength)
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Future Work

e Whatis the source of these fastions?
e Can we extend the stable period by extending current pulse

duration and total energy?
e shocks (for astrophysical relevance)

Interstellar
shock
around
young star
L.L. Ori

Schlieren image of shock around
magnetized (B = 1T) sphere (terrella)
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Manipulation and Control of mm-Waves with Plasmas
Currently a field of much commercial

and military interest \
« reflect/steer/tune \ }\‘ ' — I
« switch or filter e Q\/’ dyn#
. amplify or mix - cloaking
« modulate...

... EM waves with high dynamic fidelity RS
. not prone to disruption by natural or andfor ikering \

other EM interferences

*next generation 5G operates in the 28-40 GHz range of carrier frequencies
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Example EM Platforms “Artificial” Materials
) Structural Bragg Resonators
Cavity Resonators Resonators Bandgap Materials
‘ (“metamaterials”) photomc crystals”)
closed l ]
\ =
| _1 -
«— [ —
=
guided ' |
W =——

(mid-gap frequency for maximum gap width)
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“Artificial” Materials: Structural Resonators

metallic split ring dielectric sphere

« “elements” (“atoms”) have a geometry ¢ m 1 |
that elicits EM response i ¢ p @P' I
’ M

metal rod

 array or results in macroscopic
transmission properties defining ane, u

« some configurations can combine
elements to engineer unique properties o e ==
o enginear unique properties St
(e.g. negative refraction)

&/&
o /11

« response is often limited to narrow
ranges of w and not tunable

dielect
ph

wW —
metal
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“Artificial” Materials: Bragg Resonators .. iz,
light 4 4 i
« “Bragg scattering” - used in understanding e T
atomic structure in materials T
n, - low index
« “elements” (“atoms”) have an ordered E—
. . . . ‘
structure resulting in interface reflection \
« constructive/destructive interference . . . .
. : = =Y PO 0O ]
produces bandgaps/transmission windows  § | N/ /]
S -20f |
é “30f
£ —aof
'_
—501}
O.|15 0.|30 0.|45 0.|60

o [wA/2mc]
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“Artificial” Materials: Bragg Resonators ... ..tz

light 4 4 4 4

X , v

ny- high index

new
resonance

ny- high index

“Bragg scattering” - used in understanding
atomic structure in materials

« “elements” (“atoms”) have an ordered
structure resulting in interface reflection

« constructive/destructive interference
produces bandgaps/transmission windows

 configurations can be engineered to have
“defects”

 generally not tunable/reconfigurable

Transmitted light

(a) Transmission Spectrum

=10}

Transmission [dB]

0.15 0.30 0.45 0.60
@ [wA/27c]
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Can a plasma be used to dynamically reconfigure
metamaterials or photonic crystals?
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Can a plasma be used to dynamically reconfigure
metamaterials or photonic crystals?
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Example EM Platforms

“Artificial” Materials

Cavity Resonators Structural Bragg Resonators
Resonators (“photonic crystals”)
(“metamaterials”)
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Plasma Functionalization
“Artificial” Materials

Cavity Resonators Structural Bragg Resonators
Resonators (“photonic crystals”)
(“metamaterials”)
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Plasmas Themselves can Serve as the Structures and Scatterers

“Artificial” Materials
Structural Bragg Resonators

Resonators (“photonic crystals”)
(“metamaterials”)

4 %
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Waveguide Resonators tunable
frequency
filter

continuous input s o ey
[ pulse
_J generator

power limiter

N\

AM
encoding
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Plasma-Tuned Waveguide Filter

Enables tunable transmission in the range of the empty
cavity resonance

5 mm diameter
discharge tube

\ ?\ m Cavity dimensions:
: 15 x 13.7 x 7.5 mm

m Frequency: 14 GHz
m Quality: 1800

E Field (V/m)
.7.20E+4
6.30E+4
5.40E+4
4 50E+4
3.60E+4
2.70E+4
'1.80E+4

.9.ooe+3

0.00E+0
ANSYS (HFSS) simulations of
cavity fields

TE01 Resonant Mode
o, = 13.73 GHz

Biggs and Cappelli, APL (2016)
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Tunable Filter

E‘ _10 i 1 l Ll T Ll i
(a) Steady Exp. Setup =
c
S —20¢ .
VNA AC Ballast a n 107m-3
10 02 ’ 5“30' — 0.0
D D B 4 — 141
| R — 1.75
J_— § -10} . Experiment | — 2.69
- —~ A — 3.65
S <20 / 63
Discharge: 70 kHz, 125 V__, 2 mA 2 /YA s
Ar-Hg (~5 Torr) B ’f‘-//
* simulated shifts for plasma column of uniform density g | S k
* measure shifts for various discharge currents = =40 == . LSS g
* average plasma density estimated from current and voltage -50 0 50 100 150
« good agreement between measured and simulated shiftsc Frequency Shift [ MHz]

Biggs and Cappelli, APL (2016)
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Pulse Generation

source parked at fixed frequency

~10f ! ) ! d High Voltage

g I | Simulation g Pulse
| c 1
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= =40} 4 \X\ — 1.75 Ar = Oscilloscope
= -10} : ¥ s
3 x| EEEeument 269 Vacuum Chamber
_g 463
wn
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(1] .
= . - response time

50 100 150

° ' ~1-
Frequency Shift [ MHz] plasma decay time ~ 1-10 HS
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Pulse Generation (simulations)

(a) 0.11 ps

» 2D 2"d order space 4t order time - 107
+ SG scheme for fluxes - 10
* transport lookup table from EEDF solver = 1013
« finite rate kinetics (including metastable) 101
(b) 0.13 us
- “'17
\@),  \V) i \YJ ),
— 1000 1 ¥ ' =, R 1013
&0 i i F155
= 7501 i i S 10"
500 i A 1017
o i i o
= ' 1 Lgr 2P 5
= 250 ! ! 0.5 = T 1015
z i il g S E
vt W 13
- 01 i 0.0 G 10
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2.5 5.0 7.5
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Time [us]



MIPSE Seminar - U. Michigan March 28, 2018

Pulse Generation (simulations)

Model the conductor-filled resonator response
(Slater, 1946)

Shift: 1 Af [MH?]

i w2 2 B~ == - 200
A <1_l:_; _/?Equ .

g F W LW

0 0 0 E; 4 150
Quality: 2 a0 100
N B 5 —
Q= ——[ + Re(AWres)| Im(Ayes) é _304 — 50
Transmission: —40+— . ' ' ' :
0 5 10 15 20
1 Time [ps]

o FARE[E 1+A¢ms ¢ IR
ro-(5) |- 150 ()
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Comparison to Experiments

(b) Simulation (a) Experiment

Transmission
Transmission

0.0

w0 100 100 102 0t 100 10t 102
Time [us] Time [us]

* resolve ionization and recombination signature
* modelis underpredicting Ar recombination rates
* means of measuring recombination rates?
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Power Limiter

Experimental Results

source turned on

151 [ |
‘g 95% attenuation
S 10- .‘
c \
image: Popular Mechanics 2009 o \
) 5 .
.‘g R ——
&
. i n — 02W
Signal | | T | — Crystal E 0 - —_— 025W
Generator | i Detector — 0.32W
Ar —5 - 0.4 W
Oscilloscope . . - - -
Vacuum Chamber —2 0 2 4 6 8 10

Time [us]
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Amplitude Modulator

Location of plasma within resonator posts strongly affects transmission

Signal | MMMM | e | MMMM i | Crystal
Generator 18 Detector

Ar

Oscilloscope

Vacuum Chamber

Can we generate coherent structures that rotate at high frequencies (MHz)?

(and fit within a Ku-Band waveguide - 12-18 GHz)
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Amplitude Modulator - Micro Magnetron Discharge

- HVpe

ts
‘7magne

rotating plasmoids

 dielectric posts

oqensy)

. 5 mm ’*-
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Frequency and Mode Controlled by Voltage

frames from high speed video camera EL, V)
8006 1'1 1'6 2‘1 2'8 3'1 36
—8—m=3
——m=4
700} = m] model i
g / calibration point
600}
= s00}
=
= Q
2 400
L4
- o
2 300f o
= o}
200+
A
1007 Ar, 150 mTorr -
0 1 1 1 1 1
255 260 265 270 275 280 285
Model: Gradient-driven drift instability driven by Gap Voltage (V)

the local E x B electron rotation (Ito et al, 2016)
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Local Field Reversal

gradients drive more electrons
than anode demands

CATHODE

k2 2
— (kavi() -I-f#) kx 0
W — Wp

Ionsdriﬂingtowards;node k (Cl)() _|— wD) k_LC VC
E-field is reversed = O
) w* — wp co — wp
plasma

zone Gradient-drift wave dispersion
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HFSS Simulations

m=2 m=3 m=4

Ne (O \6 ON\e
65 o | (G o |[685 o
@) O
0.

e assumes uniform
plasma blobs of circular
cross-sections

e indicates a favoring of
the m = 2 mode (higher
modulation amplitudes)

Freq = 14.6 GHz

@ m= 2 ® m=3 o m=4

—-10

Transmission (dB)

_..15 -

0 60 120 180
Angle (deg)
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Can we generate a mm-wave mirror in air on
demand ?
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Laser Plasma Metamaterial Reflectors

4mm
=
\ Pulsed Nd:YAG Laser el ]
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Characterizing Single Laser Plasma Kernel

2D-Gated
Intensified
CCD Camera
0.5 | odRal S
Double P e '\Mirror ™
Monochromator |\ = £
< Lens € O} K
? Py =
2
(a) 0.5 | g
Laser > - ‘ ; :
5 10 15
Lens Plasma t[ps]
20 Torr Ar (H2 Seed)

Vacuum Chamber (Ar, H, 1-760 Torr) Ne from Ha Stark Broadening
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Modeling the Mie Resonance of a Plasma Kernel

Fields in plasma ellipsoid waveport 1 waveport 2
Following Mie Theory: P = aF ] ]
Electric polarization _ I 1t ® z
Polarizability: I | | x<—<I>Y
€, —1 35

- p
" T+ Lo(e,— 1)

Simulation  ne [10-%m 7]

1.6

. . —4 S f
Eccentricity-dependent parameter: Validating & \ =
_ Experiments for = _, | \ :
bg=1/3  Sphere Single Plasma = | = <
L, =1/2 Cylinder Particle in -84
i i i WaveQUIde Experiment Af [us]
Absorption and scattering cross sections: ad M M — 25
= W — 29
=2 SRy Y —_— 3
Oaps = k Im{a 2
abs { } (UO — /Le (Up & & ?‘W‘L\w-i“_g’/‘g{;‘ v
o - |05|2 collisionless localized surface b ' '
seatt ™ oo résonance plasmon mode 13 15 17

& [GHZ]
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Response of the all-Plasma Metasurface

Model the array as volume-filling Lorentz ANSYS simulations of reflection from an infinite
Oscillators (fill fraction, f) C array of a = 3 mm plasma ellipsoids
—3
1 fu)ﬁ ’%i: 1.0 T T T T T T llg -
ce=1+4+ — , : %; ) ne 1019m—
wﬁ — w2 — iyw § ok 80% Reflection iy |
— 1.7
sk T i l_ relaI o N: 0.6 — 2 .8 -1
i == imag W s
°r ! I —04f =77 U
12.9
4t I i
w '. | \ :
\ : M_
0.0

0 10 20 30 40 50 60 70 80
Frequency (GHz)

Scattering experiments from the arrays are
currently underway

0 10 20 30
Frequency [GHz]
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Bragg Resonators: 2D Photonic Crystals
Periodic Band-Gaps

Jiiiii; NS aws

5 :
= &
o]
c 3
2 -20r = 7 >
0 c
. = =30 \ . g
2d Photonic Crystal 3 / z
G —40f 1 -
L £
©0006e —50} i
O 0O Q ® @ 0.15 0.30 0.45 0.60
|—Q ©© 00 6 b @ Lehfzne]
' @ e e &
>

' I (=
@ @ W O

e band gaps are a result of an imaginary wavenumber (dispersion)

view from above e strength of bandgap depends on ratio of dielectric constants (rod
and matrix)

N\
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Vaca ncy Defects Vacancy Defect Fields
2d Photonic Crystal . -
‘ ‘) /\‘l, ‘ (\‘} /\‘ )] )
O O O O O G L G el T by
O O O O O AR R T~ Ry R G R
< @ @ @ © bl Defect State Resonance
| © © © © © Aw Xny, —ny
O O O O O E‘ 0 N\/M "‘| ,{‘l ‘f’ '"' N
= l \ [\ | /|
- ‘ L) g “ {| /!
e vacancy defect acts as a resonant cavity S ~10r '. XY " .5 Y
e incident waves at defect resonance “tunnel” in/out é -20} '°.| I | ".\ /
. g ‘\/l /
through evanescent coupling - \J \)L/
e resonant frequency -
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2D Photonic Crystal - Plasma Defect

Tunable Plasma

with quartz ® o 0 0 05 o 0 0 o 0 ‘ Antennas
envelope o e o o o o ° o o “.! 14__ “1
™ . e ¢ o o o o o o Ouput B =~
Gaussian . e e\ ¢ o o o ° waveguide -
source, cs @ = / I
e 0o 0 00 0 000 o BN o
input / e o o o 0o o o 0 o o trag:tr:ciélrcm
waveguide ¢ ¢ o o o o o o o o o
® o 0 o o 0 0 0 0 o 0
| |
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Plasma Tuning of Defect Transmission

Transmission Coefficient

=
~

o
w

o
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All-Plasma Photonic Crystal

SSSSSS
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Multiple Gaps - Bragg and Surface Plasmons

(C) -=- Simulated IS, n, = 7.8 x10"' cm3, y= 1.0 GHz|
0 s (B EXPROOIONSS 150, Inggem FAIRA ] . » Bragg gap too weak to engineer for
- AN Ky il \‘. { waveguiding
— 1/ .
m_10} % ™y . S ) * 7 x 7 crystal size too small
-2 W\ ‘ Wi « refractive index difference (at most 1)
S 201 W/, is too small
- ¥d » Surface plasmon gap strong
-30 Bragg (lattice) Bragg (lattice) * dynamic waveguide’?
frequency ! frequency
_40 | | | | | | | | |
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Waveguiding

2d Photonic Crystal
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e line vacancies admit waves tuned to the defect state

\/ within the bandgap
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Waveguiding
2d Photonic Crystal
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e line vacancies admit waves tuned to to within the

\/ bandgap
e waves cannot propagate beyond the gap and are

guided
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Waveguiding
2d Photonic Crystal
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e line vacancies admit waves tuned to the defect state
within the bandgap

e waves cannot propagate beyond the vacancy and are
guided

e basis for on-chip optical devices
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Multiple Gaps - Bragg and Surface Plasmons

Bending (Defect) Molde

0
—10Fk
Bending Mode
205y . et
—
om
T 30| \
f [ 4
- Y . 2
& 40| Tl \
Pat \/ | > Surface
50 i i Plasmon Gap
N -—- Simulated Full Bend ‘
—— Experimental Half Waveguide
—B0 [~ | — Experimental Full Bend
I L
3 4 5 6

Frequency (GHz)

Simulated Fields
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Fano (Lattice) Resonance Enhancement

“Localized Plasmon” “Lattice Mode”
No plasma m1>71 m,,Y,
.40 — Measured
== Simulated F cos(cot) N>7
S 0 6
5 | &
& -20¥ IBragg &
= resonance 210" em™? !
@ I surface _':“2::3 redc " = 4
= 401" plasmon -~ Simulated S 31
; : =
0 i D
g
-20 )
n=10"'“em™ 0 -
— Measumd ! Ll < T v T T
B - Simuated | 0.0 05 1.0 15 2.0
5 10 15 Non-dimensional Frequency o

Frequency [GHz]



MIPSE Seminar - U. Michigan March 28, 2018

What's on the Horizon?

e THz All-Plasma PCs (Higher
Plasma Density)

e 3D Plasma Photonic Crystals
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THz All-Plasma Photonic Crystal?

* Requires high plasma densities

+n, = 10%5 - 10%6 cm3 =

« Small lattice constant (<300 um) resonant (851 nm)
« Continuous generation

—|FWHM = 184
n, ~ 7 x 10*cm ™3

Intensity (arb. units)

: o L - e i 0D

34 17 0 17 34 51 68 85
Wavelength Shift (nm)

Laser shaping and ionization resonant (850 nm)

Heater ~, i Variable beam ionization %////////////%

arra
Y expander

Super-elastic
electron heating

-i ‘ pseudo ground state (

n, = 6P
Laser resonance i I
saturation 12 | Ra1 | 421 i1

n, =6S

TiSap CW Laser LTE
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3D Photonic Crystal with Plasma-Filled Defect?

Solid Dielectric

Copper Spheres (glass) 1
Electrode
- 0.9
08
PL(;SI:)\;Jrlcng C S<( < ) { =< ") Hollow Alumina i iy
("1kv, 7) = =< =< = )}<| ~sphere (Hefilled, & ° \
U 20-40 Torr) g 06
' ‘ ) ,r’j =N "(‘f" - Q ) = 3 /
NN R S
NS Tl g =X
N__{ M\ / e | @
= | =< { ) g 03
4‘ / \
) ) ) 02 |
01 +
0
X U

« closed-packed dielectric spheres (glass) with plasma-filled defect
« hollow alumina (He-filled) core excited with a DBD

« band-gaps expected but weak for glass (ng /n=1.3)

« demonstrate plasma excitation

« redesign for solid alumina spheres with hollow-core defect

lass
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Thank you for your attention and patience!

Questions? ’
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