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Scattering in optical frequency range

Rayleigh scattering

Bound electrons (Lorentz oscillator model): w, > w

/"A— w3s = —%EO cos(wt) - restoring force dominates
2

w?s &
) e
w§s = ——E, cos(wt)
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o x (§2) & w* 7z - Classical Rayleigh cross-section

Rayleigh scattering of light:

Characteristic spatial
scale: ~100s of nm
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(Otherwise, Mie scattering)

Reproduced from http.//hyperphysics.phy-astr.gsu.edu/

Thomson scattering

Free electrons:

S +93/s = —%EO cos(wt) - no restoring force

., ¥
§ = ——E, cos(wt)

m

\ 4
§2—independent of w = o « (§2)- independent of w
\ 4
LTS R t
or = 5 \imeme? omson cross-section

Thomson scattering on plasma electrons:
« Incoherent: n, (>10° cm-3) » Coherent: Waves,
and T, measurements dispersion relations
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Scattering off small-size plasmas in microwave frequency range
(Shneider & Miles 2005)

Wavelength: large compared to the optical band (e.g., 1 =3 cm for 10 GHz) ~ w+omantenns U
k

Small plasma size (< 1): (v
* Entire plasma volume “sees” the same phase of incident field "
» Detector is nearly equidistant from each plasma element ( >

. N N N
Scattered power: dP; cgy

(ﬂ) = C& (Z Ejs '2515) = TNEs,o + Cfo(z Ejs - Es)
j=1 1=1 Jil=1
l#j

Incident wave

W . (%) - time-averaged scattered power per
<>

unit area at detector location

v1/3 R >» V1/3 * Ejs - field by jth electron at observation
location
Es, - field amplitude at observation
‘ location (same by each electron)
In-phase coherent scattering: NE;s NEjs

o R
CE
<d_/f> = C&p (Z Ejs - ZEIS> = TONZE:?,O
j=1 1=1
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The Fluid-Short Dipole Formulation

Consider scattering from linear, L- plasma length Skin depth § > D B ...l

unmagnetized short plasma dipole: D - plasma diameter ~ Wavelength A > D, T™HernAntenna ;

Collisions are not negligible: v,,~ 10°-p(Torr) ~ 10*° Hz (for 10 Torr) F"; - - ‘Fy
Microwave frequency ~10 GHz = w~6 x 1019 5" 2 & el

Equation of motion for the electron swarm in a linearly-polarized incident plane -

wave (Lorentz oscillator): e

Electric field inside plasma: E= E+ Egep E,- incident irradiating field Ao Antenna

E4¢p- depolarizing field
E- total electric field inside the plasma volume
Apply complex formalism (E; = E; ; cos(wt) = Re{E je'®t}; s = 54 cos(wt + @) = Re{5pe't}):
¢ - depolarization factor
r~ 2 2
B, = E1,~0 E=¢ —ie" = (1 — ww” ) — iw:ﬁ/%l V(Z* dielectric permittivity
1+¢8(E—-1)

e
§+vmS+Ewgs = _EEI

Solving through complex formalism for phase and amplitude of oscillations:
Er

mJ Ea) -w ) +(Vpw)?
(phase lag between the electron displacement and the incident electric field)

» Displacement Amplitude: sq = |5,| =

* Phase: tan(®) =

p
2
« Dipole Moment: do = esq [ n,(r,2)2nrdrdz = esyN, = — Ero

mn \/(Ew%,—wz 2+(vmou)
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The Fluid-Short Dipole Formulation (continued)

4 4

w*dy e

. d? o
Time-Averaged Scattered Power: P; = —— — (P5) = - = = NZ
6TTEYC 12megC 6mm2e§c (szz’_wz) + (V)2
Scattering regimes:
. (Pg) w* 2 2
Total-Cross Section: o;,; = — = o7y, 5 NS = o0,N{ ) _ 5 e
I ((w3-w2) +(vmw)? §4+vms+Ewss = —aE,
Orp = ﬁ - Thomson cross-section Regime Condition Coherent scattering cross-section, o, | Phase shift, ®
0 Thomson w? > u,,,w,éwﬁ OTh 0°
2
. . . - Collisional 2 _ ? 2 1 90°
Differential Cross-Section: Phase: tan(®) = Scz_mwz ollisional | v, > [g02 — 02| | om(2) o &
wp—w | 2
dUTot 3 ) Rayleigh éwz > w?, Vi OTh (“’}) X % 180°
— = —0 Sin 9 P e A
(a) (b)
dPs  dor,: ) mtort=11GHz ® for f= 11 GHz
= i ?
dgn dasn ! $ 102 3 Rayleigh $ 107 Rayleigh
%1&3 §1M
Most common scenario ({w;, is negligible): § ] Thomson Collisional & Thomson
® Frequency ~1O GHZ 9 (L)~6 X 1010 rad/s 10'6; T T T T | ‘]0'6
* For p:760 TOI‘I‘% va 10125_1 9 Vm> > W (CO”|S|Ona|) Total N1uomber Densityni+:1(1(1/m3) Total N1uomber Densityni+:1i(1/m3)
« For p=1Torr> vy~ 10°s~" > w >>v,,, (Thomson) 7, (m?) _
1038 1036 1034 1032 1030 1028 1026
© (Deg.) T I LTI
0 30 60 120 150 180
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Experimental Implementation

Microwave scattering detection system (based on 1/Q mixer)

Transmitting Receiving
kB0 kB, ofit Horn Horn
I = —224Bg cos(dp) + TnBS cos(®s(t)) = Vio + AV} P ‘»'.’_.é_
KBLo kByo L ‘
Q= > nBB sin(dg) + TnBS sin(®g(t)) = Voo +AV; Ei;iﬁf |
Vs = /AVI—Z + AVZ o Bg o Egg; s = tan™"(AV,/AVr) runctenalbroa
’ L Qe Plasma
FF 4\0; i .._Q
%H__' / _H{\Es I/Q mixer ~ Amplifiers
= i = ’_<‘>——>RF®I—)|>> ﬁ@
:© MW s itter >
Electron Number Measurements: L gencrator |7 P ol >> |
. 2 2E ,
« Vg « Esolcos(B)] = I:::si Ism(H)RCOS(B)I _ e"w7Eg |sin(8) cos(B)| N,
0

4mRMEYC? 2
0 \/(Ew%—wz) +(Vw)?

For prolate plasma ellipsoids (§ << 1) with moderate electron number densities: wj; is negligible

Math for dielectric scatterers: oro¢ p = (Ps).

(4)2 2
T OTot,D = - 8(2)64 (eo(ep — 1DwVp)

Plug-in A Determine N,
i N T Phase measurements:
e
A N, — plasma scatterer N V
Measure —ye =4 “ 0 7oz e p =) ne = . Dg mh q)qtan@):f
AVpeo(ep — 1)w  — dielectric scatterer Tp
Determine A

Photography = PURDUE
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Sensitivity and temporal resolution

CMS sensitivity:

(1)4

(fw%—w2)2+(vma))2
 High sensitivity due to in-phase coherency: (Ps) < N2 (not (Ps) « N, as for incoherent counterpart)
* Minimal measurable N, ~107 electrons (currently)

« Measurements down to n, ~10'2cm? are feasible

* Single-shot measurements

« Sensitivity is governed by N,: (Ps) = ory,

NE 1

Temporal resolution:

« Several periods of incident microwave radiation
e <1ns

Ways to improve sensitivity:
e’w?E; |sin(8) cos(B)]

ATRMEC?
0 (§w2 — wz)z + (v, w)?
* Increase amplitude of incident MW field, but keeping it non-intrusive
« Decrease distance to horn, but keeping it in far-field
* Increase sensitivity of MW detection system, e.g. homodyne and heterodyne detection schemes
* Increase probing frequency (collisional regime): up to about 250 GHz for 100 um plasma channels

Vs o< Egglcos(B)]| =

Ne

Q PURDUE
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Outlook

1. Coherent Microwave Scattering (CMS):
* Fundamentals and Experimental Implementation
« Experimental Validation of the Scattering Regimes
2. Plasma dynamics and electron decay
* Laser induced plasmas
« Nanosecond repetitively pulsed discharges
« Small plasma objects enclosed within glass tubes
3. Photoionization rates
« Femtosecond photoionization at 800nm and 3.9 um
4. Electron Momentum Transfer Collision Frequency
5. Diagnostics of selective species in gaseous mixtures
 Electric Propulsion applications
« Combustion applications
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Experimental Validation of the Thomson and Collisional Regimes

Collisional vs. Thomson regimes:

 Frequency~10 GHz 2 w~6 x 10'° rad/s

) . Coherent scattering | Phase Shift,
Regime Condition cross-section, o, @ e Thomson: p:1 Torr=> Vi~ 1095_1 2> w> >V
Thomson © > v o o  Collisional: p=760 Torr=> v,,~ 10%s~1 2> v, >> w
. w\? 1 . . .
Collisional Vi D @ orh (a) < 90° ° f(yg IS negllglble
Phase measurements: Scattering cross-section and n, measurements:

]
E: Laser-induced plasma: 1-760 Torr “ « Glow discharge: Diam-1.5 cm, ~1 Torr
ST S e CMS at 11 GHz . CMS at 3-4 GHz

z(mm) Em. Fen.

i
N

tan(®) = Um
w Ve =A—N,
l maw
120 - —————— : —— 7 ‘ T — 10" (c) / \G
1 1 o4
[ ] i . ——
100 Measured Relative Phase |- Mixed : Collisional . ion,
mn Theoretical Relative Phase | | ! AU
@ ' ' ™ outplasma|
¢ 8ol
ED - 4
L s = i
= Thomson m; € &
& 40 — :
2 2 . o= s & 1
20 . c o -4
" g ® = L 3 l A
0 : : i > T gy
10° 10 102 10° 101
Background Pressure (Torr)
A A A A 4 A A A 4 ]

3 3.2 34 3.6 3.8 4 ) ’ M ’ Pressure (T‘oﬁrr)
Frequency (GHz)

Scattered signal (cross-section) is independent of frequency:
confirms the Thomson scattering regime (unlike 1/A2 or 1/A%)
Reasonable agreement between TMS and Hairpin probe

E PURDUE 12
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* A 90-degree phase shift is observed as the pressure
decreases (transition from Collisional to Thomson)

« The measured phase shift confirms the Thomson
scattering regime at low pressures

Patel et al. Sci. Reports (2021); Ranjan et al. Rev. Sct. Instrum. (2022)



Outlook

2. Plasma dynamics and electron decay
« Laser induced plasmas
« Nanosecond repetitively pulsed discharges
» Small plasma objects enclosed within glass tubes

E PURDUE

UNIVERSITY



Applications:
» Laser-assisted ignition

« Plasma filamentation physics

» Combustion diagnostics

Laser-induced plasmas

ICCD

Sl [« Splitter [—
< % plitter
{1 = 7
- Anechoic _Esg Pattern (View 1) g
Dump Vacuum P I
, Chamber . !
T | | R Microwave
vy X oy | . RX st heum Generator
E | 5 r
a\g‘% f; R Eso Pattern (View 2)
o) Y\ Uh — <
| ( \ RF LO
| l °
yHy y, 1/Q ®
- Mixer
= | Q
Nanosecond \ f~<—J
Laser »| Oscilloscope
(287.5 nm) ;g_.ﬂ;

Laser:

e 100 fs, <7 mJ, 800nm,
400 mm lens;

* 5ns,<3m)J287.5nm
(2 + 1) REMPI of O2,
175 mm lens;

CMS: 11 GHz

Pressure: 1-760 Torr
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ICCD Imaging and Radiation Pattern

ICCD Imaging Radiation Pattern M

=1 1
d -8 6 4 29 0 3 4 B 8 Re|‘O - Qb: SD-Short DlpOle
z (mm) Em. Fen. ¢: 760 Torr
760 Torr; 100 ns, 250 accumulations; Abel Inverted; ¢ ¢:8Torr
a=b=280pum, ¢ =4.5mm (£ < 0.01). ———9°SD
A gy oA ©  6:760 Torr
Tx o fk I e RX B ¢ 6:8Torr
—3:SD
© 3.760 Torr
e ¢ B 8Torr
A 240 T2 300
— du7x 270 n, Skin-Depth Limits:
W 7, _ _ « 760 Torr: 510" cm™3
R ) R R R B MS Signal (Normalized VS) e 1 Torr 10 cm-3
d K, Tx d k,Rx d k,Tx d E,Rx

» Good agreement between the measured radiation pattern and the theoretical short dipole pattern.
E PURDUE 15
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Electron decay in laser-induced plasmas (1 atm, 800 nm)

Electron Decay in various gases:

Electron Decay in air:

Experiment Numerical simulations
a 140 b 4
—1,=2.68 x 10" W/cm? .
I ;'-;l ----- ,=293x10% W/em?| O 5
[ >
Ial @
5 2
Py
c 1
GJ
O
1 1 1 1 1 1
0 l 8 12
t (ns)
a 10" — 12

c L
§ b
Py 10%2|- N N
§ L . L 0.4F
-]
1
. NO 0.0
L 1 L 1 1 1
10 4 8 12 0 4 3 12

» Analysis of mechanisms of electron decay (e.g., dissociative
recombination, attachment to oxygen)
« Validation of numerical codes

Sharma et.al. Sci. Reports (2018); Sharma et.al. J. Appl. Phys (2019)

a

@

=

1.5 X1OT1

10"
Ar 700 pd 660 uJ
1.0 620 ud 580 pJ 1010
540 pJ 500 uJ
0.5 470 pd 440 pJ 10°
0.0 ~ 108 > .
0 20 40 60 80 100 120 140 0] 10 20 30
Time, ns Time, ns
x71077 12
8 Kr 580 uJ 420 pJ 10
6 380 uJ 340 pJ 10M
4 320 pJ 300 pJ [
5 260 uJ 240 pnd| 410
0] L ...10°
0 20 40 60 80 100 120 140 0O 5 10 15 20
Time, ns Time, ns
x710"7
1.5 Xe 280 pJ 236 pJ
213 pJ 192 puJ
1.0 183 pJ 172 pJd
0.5 162 pd 153 pd
0.0 i
0 10 20 30 40
Time, ns
700 pJ 630 pJ 107°
590 pJ 560 uJ
540 pJ 520 nJd 10°
500 uJ 480 uJ
Eocomasoos: 108
0 10 20
Time, ns
o 700 pJ 620 pJ 102
1.0 2 560 pJ 520 uJ 10"
440 pJ 400 uJ
0.5 360 pJ 320 ud 1010
10°
10 o] 1
Time, ns

700 pJ 540 pJ
460 pd 400 pd
360 nuJ

280 uJ
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Electron decay in laser-induced plasmas (1-760 Torr, (2+1) REMPI 287.5 nm)

N. measurements:

2
e
A N, — plasma scatterer
Vs =9 myw?+v3
AVpeo(ep — 1)w  — dielectric scatterer
120 — .
100/ ® Measured Relative Phase | | Mixed : Collisional .
a Theoretical Relative Phase | !
O 8o : :
Clb)‘0 60 — : :
e Thomsen i :
e 40 ' '
q 1 :
20 ' !
10° 10" 10° 10
BackgroundjPressure (Torr)
e? e’ o2
VS - A _N VS - A V = A
mw € 2 2 S mv
m\/ w* + vy, m

Peak N

* Ideality of Thomson regime: knowledge of v,,, is unnecessary

Patel et al. Sci. Reports (2021)

T

——— 760 Torr (x 1) |
——100 Torr (x 5)| %8
——10Torr (x 10)| | ..
=1 Torr (x 100)

Mixed

P L L PN SR TR Y S U |

Thomson

Collisional

10 102
Background Pressure (Torr)

27
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Nanosecond Repetitively Pulsed Discharges (1 atm): CMS-LRS

LRS: Laser Rayleigh Scattering

Applications. Important CMS features: CMS: Coherent Microwave Scattering

» Plasma-assisted ignition and combustion, aerodynamic flow control, material processing, plasma medicine
.. e?
Collisional CMS (1 atm) V,(¢t) = Amvm(t)

« This (in turn) requires n,(t)- gas number density; o,4- e-g collision cross-section, vr.-electron thermal velocity (as v, = ny0.4vrc)

N,(t) - knowledge of collisional frequency v,,(t) is required

Experimental details: Raw decay by CMS only (unphysical):

. . . . 0.184 1 1 . .
* Pin-to-pin configuration; ek * Plateau is unphysical
14 -
e 1atm; _ el B « Reason: Due to
« HV pulse: 20kV, 100 ns, 5 mJ. 5 01 ' simultaneous reduction
0S4 1
006 | I Of n, and n
om—: : 9 €
0.024 |i 1
0.00 -0} L . ‘
8] 1 2 3
Time (us)
n, measurements by LRS : Corrected n, decay (CMS-LRS combined):
(a) _ (b) 15 1016_ |I|
. il 6.0x10'° (f) 1.5%
1.0 4 124 ~
) ) {‘ 16 J
0.8 - 104 5 4.0x10"° 4 E 1.0x10
S ] L E% 0.8 o ‘;v
=00 \ >O } < 061 s - 2.0x10" S 5.0x10"-
0_4_L o Eioe T_ ’ 2us
! Toaf Ny 0.4 3 ps
4 us i
o2y = 0.2 5 ps| 0.0 T : ' 0.0 A PP o N N . W . . .-
IS | 0 1 2 010 50 100 150 200
03 200 400 Tlsc’ao( )860 1000 1200 007 2 3 4 Time (us) Time (us)
ime (us
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Wang et.al. J. Appl. Phys. (2021)




Nanosecond Repetitively Pulsed Discharges (1 atm): CMS-LRS

Experimental Details:

* Mechanisms of electron decay: anomalous (slow)
electron decay (e.g., dissociative recombination,
attachment to oxygen)

J [
R
_D B } @ | |E
Matching Nanosecond ens 105 GH
= | Resistor Tumll 1.1 er I g?”“} 05G L
Stage J_ (532 nm) < ) e g Generator

260 )

| '
Nanosecond
I Pulse Generator

| —

vl

Oscilloscope

Y 1 ICCD | Spectrometer

« Validation of numerical codes

A

A

.| Computer

During ns-pulse: 100-kHz NRP plasma dynamics:

2 20 ; T ——5.04mJ 1.0x10% 16
v 1 3.76 mJ 1.6x10%6 -
g ——3.07mJ
% AL 2 5.0x10"
= ¥
<15 0.0 o 1.0x1016'
£10 | . . . e
@
s 025 0.00 0.25 0.50 075 1.00 3
=] )
(G Time (us) ©
= c 15
9.0x10"" 5.04mJ 5.0x10" +
" 6.0x10" 376mJ | =
= —307my /
3.0x10
0o MMM*“ < : 0.0
s —5.04mJ . ! ! .
e 4010 376mJ ‘ ‘ ' —
£ —3.07md : | =
C 2 0X1015 N / -0.25 0.00 0.25 0.50 0.75 1.00
0.0 vIAR | Time (us)
50 0 50 100 150 200
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Wang et.al. Plasma Sources Sci Technol. (2018); Wang et.al. J. Appl. Phys. (2021); Wang et.al. J. Appl. Phys. (2022)



Glow Discharge Plasma Dynamics

Experimental details:

Applications:

(a)

* Plasma antennae

* Plasma-based
metamaterials, photonic
crystals

Hairpin resonator probe:

0 .
, . | 10 a) 20 1o (b) 0 ol — (c) : 20
~ M‘J .'.' --_..._ﬁ 5 . ion
4t .. R e 00 b1 1 A Youpasma
et PO S L ' 15 15
B - e, .y . ! - *
= R * '. [} " £ \\
E .~ ) & [ . » = 7
a L T £ LI | £ A
k=) | i B 10 10 [ ] s 10 & )
~-10 * -' * : o " » i g N N
@ v AT y R R u R
! A = s
12+ i .‘9.. : A a A A, \\
A 00 A A A 100 100 e
141 ) A A A A A A A A e
- Fresstanding probe in air b A A A A A A 4, A A A o
-16| # - Discharge tube without plasma
®--- Discharge tube with plasma 0 0 0
18 T i : 3 32 34 36 38 4 3 32 34 36 38 4 3 32 34 36 38 4
9.2 9.4 9.6 9.8 10 10.2 Frequency (GHz) Frequency (GHz) Frequency (GHz)
Sweep Frequency (GHz) s
Pressure (Torr)
2 _ 2 2 . . . .
© Wi = wh + w; » Output signal (cross-section) is independent of frequency » Reasonable agreement
°

Ranjan et al. Rev. Sci. Instrum. (2022)

- “

Length-7 cm; 0.2-2.5 Torr

7.5mm; f,=9.8 GHz

Thomson Microwave Scattering (TMS):

Confirms the Thomson scattering regime

Discharge tube: Diam-1.5 cm; « Hairpin probe: length-

TMS: 3-3.9 GHz

TMS and Hairpin comparison:

27
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Application and Motivation

Filamentation physics, combustion
Direct measurements of photoionization rates at 800 nm are largely unavailable

Laser Interferometry Time-of-flight (TOF) mass spectrometer
Minimal sensitivity n, > 1016 - 1017 cm-3 « Can pletec’g §|gnal proportional to N, generated
Kerr and plasma nonlinearities are significant * Semi-empirical method: _ _
(spatial distribution of laser intensity is unknown ) * lon signal obtained cannot be calibrated (there is no
Tunnelling ionization dominates testing object)
» Uses theoretical value for N,
E N el oA e Pz 00 | o7
5 08¢ o D.E-:E Hﬁ"-,\ g e T o . o ADKZz09
E 0.6 En 63 \ o | A -z
= : 2 "7 100ps . .
2 04 i e Dd-—: A -E, 0% ,,f £ gm_ﬁ ; ;’,
3 j g 3 ] EDI: pa e .--ull ga E i ' Intensity ( Wrem®) | E "I ,,i'l.
EDE_ g t E EDE :1--..-"\. e ha .1'.\.- _g ? .. ;ON énm" // ’.:", -
; £ - 1073 I.' : ' “wi K FE:;
200+ Y . -, | |
0.0 0.1 02 0.3 D 20 40 60 80 100 120 1 A/ o HFi T |
Time (ns) Radius (um) 1l VA Ll s m—
10" I ' v
lnlensity (W/ch) Intensity (W/cm')
Bodrov et al. Optics Express (2011) Talebpour et al. (1997) (1999)
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Multiphoton ionization at 800 nm in air

Experimental details:

Gate Monitor
Horn Local Oscillator
10.45 GHz

Sync
Control & ICCD
LASER Acquisition Camera

Mirror  Polariser Lense Beam
Damp
Mixer

| oscilloscope [¢ RMS
P System

* Fs-laser: 800 nm, 100 Hz repetition rate, 0.32 - 0.78
mJ/Pulse, ~100 fs FWHM
* CMS system: 10.45 GHz, homodyne, I/Q mixer

Optical nonlinearities:

Energy per pulse, z’=167cm  z'=180cm

L
240 ® Zz'=167cm #

E 225 4 A A A z'=180cm 80
= A
8 2.10 AAA
] A
E 195} ®e0®0q0, a 20
- [ )
o) % o °
@ 180 : ! i
0 160 320 480 640 640

Energy per pulse, uJ

Fig. 3 Dependence of beam diameter at two Table 1. Beam profiles at two locations after the focus
locations after the focus for different beam
intensities.

* nonlinear optical effects are OFF: can estimate Intensity in plasma

Sharma et.al. Sci. Reports (2018); Sharma et.al. J. Appl. Phys (2019)

Scattering regime:

« Collisional regime: v;,>> @ (v;~10'?2 s71; w~6x10'0 rad/s)

2
A= N, — plasma scatterer
. VS = mvVm
AVpeo(ep —1)w  — dielectric scatterer

8-photon MPI of O,:

231mn [m ) g
Ne =m §O'8n0T7TWO ZRIO

\

Keldysh Parameter , ¥

10002'5 : %.l : 1.8 Og = 1.2><10'126 S-lw-lmlé
| Pure &  Experiment
MPI o i
regime S
. 100F i s ‘ ,
SN T a 45 4.1 3.8
x 10° T
Q
Z 10 v =o0g I8
1 - L - ”
1.6 2.4 3.2 10° 7
I, (W/cm?) x 10" , . x10"
5 6 7
I, . Wem™ 23



Femtosecond Tunneling Photoionization of air at 3.9 ym

Experimental details:

-< II!I@
<<<

Oscilloscope

<- < . Phase
| _LO Splitter Shifter
8 4 Y
Q "rF<{K]
N
;
| Y
Rx Microwave Tx
Horn Generator Horn

Fe, mtosecOnd
Laser sy Stem

Laser-Induced
Plasma

Mig.ip

* Fs-laser (TU Wien, Austria): 3.9 um, 30 mJ, tpyyuy=117.7 fs, beam
diameter ~ 4mm, 150 mm lens, beam waist radius wy =95.85 pum

—

=

¢ CMS system (Purdue, USA): 11 GHz, homodyne, I/Q mixer

Photoionization rate measurements:
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Linear regime:

0.75 m) (8x)

» Oblate spheroid with semi-axis estimates of a = b = 100 pm

and ¢ = 0.75 mm.

» Optical nonlinearities are negligible up to ~2 m)J
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Photoionization rates at 800 nm

Experimental details:

Test Gas

Ti:Sapphire HWP
Laser

Sharma et.al. J. Appl. Phys (2019)

N, measurements for variety of gases:

1[]12: k
2 | 1
10 . * * e e 4 ]
3 . ]
) [ . * "0 o
3 * 1
10 V! - Ar ;
[ Rat ,/ ]
10° . R f}" ]
. » ]
i x Xe * ]

[ . Kr .-,f’(y
10° o 1
N, ]
103. : . . . . : —
0.1 0.2 0.3 04 05 06 07 0809 1

E..mJ

* Nonlinear optical effects are not negligible =
precise intensity is unknown
* Spatially-averaged photoionization rates:

(v) = IVdV Vo = nwg Zp
277 PURDUE
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Outlook

1. Coherent Microwave Scattering (CMS):
* Fundamentals and Experimental Implementation
« Experimental Validation of the Scattering Regimes
2. Plasma dynamics and electron decay
* Laser induced plasmas
« Nanosecond repetitively pulsed discharges
« Small plasma objects enclosed within glass tubes
3. Photoionization rates
« Femtosecond photoionization at 800nm and 3.9 um
4. Electron Momentum Transfer Collision Frequency
5. Diagnostics of selective species in gaseous mixtures
 Electric Propulsion applications
« Combustion applications
6. Conclusions
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Electron Momentum-Transfer Collision Frequency Measurements

Motivation and Applications:

12
* Relevant for broad range of small-size plasmas: laser-initiated, NRP, etc. _
» Lack of direct diagnostics of v,, ) .
* v, Is hard to estimate (EEDF, local background pressure often unknow) o
3
108
Concept: v, . .
tal’l((D) - E » Vm — (,() tan((b) 108 10° 1010 - 10™ 1012 1013
v S
. Phas.e.mea.sureme.njcs can be. used to directly determine v,, 20c) PN
« Sensitivity in transitional region: v, and w are comparable O 30 60 9 12 150 180

Mixer

Absolute calibration of phase measurement:

Oscilloscope

< {<]~{Q ke

@i o

» Set ® measured for dielectric scatterer (or at low pressure) as ¢ =0

Microwave
Generator

Acrylic Chamber
(0.01-800 Torr)

* Free electrons (Thomson): § = —%E% S X IwE 2 j < iwE

* Dielectric bullet: j « % « [wE

Experimental Setup:
 Oxygen: 287.5 nm (2+1) REMPI C3TI; (v' = 2, J) «
0, X3Z§ v'=0,7]"
* Air: 287.5nm (2+1) REMPI C*Tlg (v = 2, ]') «
0, X3%; (v'' = 0, J'")
«  Krypton: 212.5 nm Kr 5p[1/2], < Kr 4p®(1S,)

S

Absorber Y

J ) PURDUE
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Electron Momentum-Transfer Collision Frequency (via Phase Measurements)
v,-measurements (2+1 REMPI of Oxygen at 287.5 nm, 100 Torr):

10
10
1 15 e T T T T
I S {—I-Channel &
[m= ==Q-Channel| |03 .
05 I \ : ¢ Retrieve " y s .
> e > g Y
fﬁ 2 ACDS and VS - g : é |nfer Vm - 10 F
> 4 - — o
5 Vy, = w tan(P) !
X
A ‘ : : - B
()} 10 20 30 40 50 0 9 on. %0 ¥ A
Time (ns) Ime(ns)
0 1 1 1 1
0 10 20 30 40 50
Time (ns)
H L]
Various pressures:
Air
15 T 1Y T T T T T I T T
© ® 30Torr 3 40 Torr
° ® 40Torr 201 1 60 Torr |
- °°.o . 70 Torr
E 10+ 50 Torr | < ® 80Torr
o ® 60Torr e b2 e 90Torr [
- ,9 100 Torr
" <] 70 Torr 5
g W
L & 80 Torr c 10 7
o °f N 3
~ [} 90 Torr E
E ® 100 Torr Tosk
0 1 1 1 1 1 | 1 1 1 0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (ns) Time (ns)

 Enables direct measurement of collision frequency v,,, (for actual Electron Energy Distribution Function in plasma object under

test)
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I, via Phase Measurement

Cross-section (tabulated)

10 VvV, -Measurement
1073 J\ 15 210 T T T T
w, :
Ng g 10_
g ‘I T\Q\
€ 107} 1 £
(7]
Pl *
§ .
; . 0
\ 102 10° 10? 0 ]
N Energy (eV) Time (ns) V4
———————————————— N ’———————————————’
\/

Associate T,(ore,) ' vim = 1o, (V0yre—0, (€))

® H-EEDF
{  Maxwellian-EEDF

Te [Maxw.], E, [6] (eV)

Time (ns)

» Measured v,,, can be used to derive T,

J ) PURDUE = 59
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Use of Phase Measurement for accurate evaluation of N,

I.-measurement

Vi -Measurement

x10'0

15
:

10

\®_ (Deg.)

(1/s)

Time (ns) Time (ns) V4

0 10 20 30 40 50
Time (Nns)
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Outlook

5. Diagnostics of selective species in gaseous mixtures
 Electric Propulsion applications
« Combustion applications
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Diagnostics of gaseous species in Electric Propulsion devices

Experimental Details: REMPI-TMS (radar REMPI) concept:
KDC-40 gridded ion accelerator and REMPI-TMS diagnostics » lonize selective component by REMPI
N s * Use TMS to detect REMPI-induced
< Jeutralizer /| o | T electrons

4

e TUStEr Plume.

» Correlate TMS measurement to number
o density of original specie (via absolute
Las

Rx Microwave T
n Generator Hor
er-Gen - M M )
Absorber /\
7N
‘7- \-‘ D"‘"”W{XJ‘-
;3

(2+1) 212.5 nm REMPI of neutral Krypton (3+2) 214nm REMPI of singly-ionized Krypton

12
1
10+ w Ww % ‘W MM MWM ’ll No Plasma (10 SCCM Kr)
’>E‘ 8r W , >‘” VB=4OOV(10 SCCM Kr)
4+
! ———— 9.5 SCCM Kr (3.6e-4 Torr) | WMWWW%MWMWWW Vg = 800V (10 SCCM Kr)
2 13.5 SCCM Kr (4.85e-4 Torr) | | 0¥ el L e
0 T T AR . 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ns) Time (ns)

« Detection on neutral and singly-ionized Krypton is feasible
« Sensitivity is high (down to ~10"" cm-3)
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Diagnostics of gaseous species in Combustion

Experimental system schematics: (2+1) REMPI of CO at 230.1 nm:

o

50 "M T
[ : 10} J
L 4 1 —
40 1.5x10 ® 09f o
> F 1 D 08} .
€ I ] & ST .
ng'l"-le:trfizrre © =d [ 41.0x10" . = 06
c H 1 = - 05F
.m I o) ) [ ]
Ti:sapphire Pa?:r:;i‘ric @ 20 1 u g; N
Laser . I 1 © 3F °
Amplifier (g i 5.0)(1010 g ol ° &
? " ] S o1} o* .
= (] ]
0.0 -}i- . °ce
Sync
OSCIHOSCOpE Ej RMSSVStEm 0 aa s b o o o o o a1 3 s a1 2 a4 i 1 00 _0.1 L PR N T TN N T W U U T NN N TN N SN SR W 1
0 20 40 60 80 100 120 227 228 229 230 231 232 233
Time, ns Wavelength , nm
L3 [ L3 [ [ .
CO number density diagnostics in gaseous mixture (concept):
& 12u o 14 & 16uJ
3)(10“ ------------- 3X10” T T T T 3X10” E T
:' [ |
: | P e =
i T 1
] ,, w : ' I
2x10" 2x10" | i 2x10" ;" -
& = ® I & i | |
< 2 « 1Bar | % In' « 1Bar | % :,l |7 L, 1 Bar
4 3Bar i 4+ 3Bar ) | ‘ ||+ 3Bar
1x10" | ¢ = 5Bar 1x10"1 ! = 5Bar 1x10" | . 1 = 5Bar
. e Br =
slope : 1.9x10'80m3 : slope : 2.9x108cm3 E- slope : 3.8x108cm3
3 "
9 3 4
0 i X1O1g 0 1 1 ' ' 1 X1101g o lllll x11019
0F 2=—4 6 8 10— 12 \Jemev IRy e et i |1 e 0 2 4 6 8 10 12
3 Neo s cm3 Neo s cm™3

* Number of REMPI-induced electrons scales linearly with n,

* Independent of the buffer gas pressure up to 5 bar
« Saturation is due to | b two-phot b ti hotoionizati
aturation is due to laser beam energy (two-photon absorption/photoionization) E PURDUE

UNIVERSITY
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Conclusions

Coherent Microwave Scattering (CMS) is powerful tool for diagnostics of miniature plasma objects
« High sensitivity due to in-phase coherency: (Pg) & N2 (not (Ps) < N, as for incoherent counterpart)
« Thomson scattering regime at low pressures: Ideality of Thomson regime (independent of v,,,)
« Temporally-resolved measurements of plasma dynamics
« Tabulation of photoionization rates
» Direct measurements of v,,, in intermediate Collisional-Thomson regime
Applications of in-phase Coherent Microwave Scattering:
» Laser-induced plasmas
» Nanosecond Repetitively Pulsed discharges
» Small-size glow discharges

 Electric propulsion and Combustion
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Approach: 8-photon MPI of Oxygen

* Integrate over beam waist/plasma area:

3 ] T o i
Ne = noT\/%Oé [} o—) N, = agnor\/%f 18dv:
P s et

(For Gaussian pulse Measure using

L : Known/measurable
in time domain) CMS

quantities

* If nonlinear optical effects are negligible:

2 212
Wy @ ———— 231m
e w(2)? j 8 —
w(z)? = 1%V =155 716

I(r,z) = I, I,° T wg zp

* Finally: _ 231m T
€ 1024-16\8

2 =) Find Og

Og Nog TTT Wy Zp 108

E PURDUE 36

UNIVERSITY



Linear operation regime

2
* Non- linear refractive index: n = ng + n,I — 2—(52
0
* 1y linear index of refraction (air)
= Optical Kerr effect: n,- Kerr nonlinear index coefficient

Zne

= Plasma nonlinearity: a),g =5 plasma frequency; wy - laser frequency

EoMe

* Measurements to determine onset of nonlinear optical effects:

0.00 2.68x10%
I(r,z) W/cm?

a g 36 d
TFP awp L PM BP BS1 £ f R 20
@ 2 3 181 ° R \%100
Ti:Sapphire \ & &t vl
BS2 ~ 0.0 L L 0 I
Laser > -1 0 1 240 0 40
h 120cm I z(m) z (mm)
Fig. 2 The Kerr effect was examined by taking beam profiler measurements using beam profile(BP) b E£150
located at distance z=167cm,180cm. for different beam intensities. A pair of wedge beam samplers (BS) N >
were used to reduce the intensity of the beam after focus to prevent saturation of BP. XlOO r°
i L
S 50 L
N o . 7220 0
Energy per pulse, z'=167cm  z’=180cm 2 (mm)
L
£ 240 2 ® 2z'=167cm # 500 ¢
L A A 7= c=
E~ 225 a A =G 80 = ® Experiment E) o = 2.68x10"
_g 210} A, " § Gaussean Fit o 1R wem? Laser
i A © FWHM = 232 & I
E1o5{®eecece, » 320 ® i Zos|
@ e, n s Tt
180 : ! o TS 5100 SR ) S R —
0 160 320 480 640 640 = S Ip=3.01x10" Az~ 5mm
Energy per pulse, uJ “tJ = 1 j W/em? ...0""-.,‘
3 T 05}k < .
Fig. 3 Dependence of beam diameter at two Table 1. Beam profiles at two locations after the focus g o L '.‘d" o,
ations 2 o S - di = e P 0 (o] S 1 L 1%
!0?"??‘8 .aflel the focus for different beam 2% 0 750 0 0 20
intensities. Delay (fs) 2 (mm)

Pure linear regime was observed for laser pulse energy <320 puJ
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Previous applications of CMS

Nanosecond Repetitive Pulsed Discharges
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102)1 0.2 0.3 04 05 06 070809 1 16 2: 32
- - - - = B BORED I, (W/em?) x 10"

Wang et al Plasma Sources Sci. Technol. 2018 Sharma et al Sci. Reports 2018

Electrosurgical Discharges Atmospheric-Pressure Plasma Jets

1 [ (a) ] -
u; Main Ground
= o discharge electrode
> % i )
1
15 .
2 -1 o 1 2 3 a 5 6 = 2 ~
Time, p
200 1 1.8 %102 HV
g 600 1 M \4', 12x10% electrode
o I [ n
S 00 || \\ ex10t 3
" 0 £ 0 = ey
—
-300
2 0 12 3 4 5 6
Time, ps s
2
m
15
E 1
% (c) 7.2 3.6 1.6-100
05
15 0 5.4 2.7 1.2-10%3
2 4 0 1 2 3 a s 6 3.6 1.8 8-10*2
Time, us <18 0.9 4102
E > e | 2 e
9 =0 S o - s 1Y S
T 6x 1.8 -0.9 > <
3 2 gl B
2 3.6 -1.8 T E B
€ 2.7 s g &
@ s £
SR LV P— ) : 2 B =
2 - [} 1 2 3 4 5 6 22 B8

-15 -10 -5 10 20 25

Time, p

Rep. 2015 Shashurin, Keidar et al Appl Phys Lett. 201 %= PURDUE 38

UNIVERSITY

Shashurin, Canady et al Sci.



