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Motivace

Elektrické pole urcuje, jaké plazmochemické procesy v plazmatu

probihaji.

Rozhoduje, jakymi zpUsoby se vyuZije energie dodana do plazmatu.
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[A Bogaerts et al, ACS Energy Lett. 3 1013-27, 2018]: Fraction of electron energy
transferred to different channels of excitation, as well as ionization and dissociation of
N>, as a function of the reduced electric field.
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Motivace

PF.: konverze CO, — C + O5: 43
MW plazma ma mnohem lepSi wl 8
energetickou ucinnost nez DBD i
@ MW: vibraéni excitace + -
"ladder climbing", disociacni 10
| CO('z*) + O('s)
en. 55eV o 8|l 1, -
7 . 8
@ DBD: elektronova excitace do 5 52 co(z") +0('D)
repulsivniho stavu — 7-10 eV 6 ? otz + oR)
5 M
4 g * cc'> +0 g
3 C?’(W) g%
2 C?z(\/) _“g%
1 e+ CO, g
0 )

0-CO distance
[R Snoecks, A, Bogaerts, Chem. Soc.
Rev., 2017,46, 5805-5863]
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"Electric field" vs. "Reduced electric field"

@ Electrické pole: E, [V -m™1]
@ Redukované elekirické pole: E/N, [Td = 1072" V -m?]

» udava mnozstvi energie, kterou nabita ¢astice ziska urychlenim
v el. poli mezi dvéma srazkami:

SEES)
Z|m

» A [m] — stfedni volna draha mezi srazkami, A = ;—N
» o [m?] — Gginny praFez pro srazku s jinou &astici
» N [m~3] — koncentrace &astic
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Pro¢ nestaci E = U/d?

voltage [kV]

@ povrchovy naboj na dielektricich
@ objemovy naboj —

uapplied u

diel

gap

current [mA]

time [ps]
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Méreni elektrického pole

stinéni naboje, ionizacni viny, streamery
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Vystavka diagnostickych metod

@ elektricka méreni:
» ekvivalentni obvod
» kapacitni sondy
» Pockels-effect-sensitive crystals
@ optickd emisni spektroskopie:
» Townsendlv koeficient
» podil intenzit spektralnich ¢ar (napf. FNS/SPS)
» Stark broadening, Stark polarization emission spectroscopy
» bremsstrahlung (Z. Navratil)
@ laserové metody:

» el. field CARS (Coherent anti-Stokes Raman scattering)
» laser-induced fluorescence dip spectroscopy
» EFISH
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Vystavka diagnostickych metod

@ elektricka méreni:
» ekvivalentni obvod
» kapacitni sondy
» Pockels-effect-sensitive crystals
@ opticka emisni spektroskopie:
» Townsendtv koeficient
» podil intenzit spektralnich ¢ar (napf. FNS/SPS)
» Stark broadening, Stark polarization emission spectroscopy
» bremsstrahlung (Z. Navratil)
@ laserové metody:

» el. field CARS (Coherent anti-Stokes Raman scattering)
» laser-induced fluorescence dip spectroscopy
» EFISH
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Ekvivalentni obvod (Equivalent circuit)

UrCeni pramérné hodnoty el. pole
v plynu mezi dielektriky (DBD) pomoci
zadznamu napéti V(t) a proudu /(t)
@ E=U;/d
@ gap voltage: Ug(t) = V(t) — %:)
@ transferred charge:
Q(t) — fot [(t/)dt/ FIG. 3. Simplest equivalent circuit of a DBD

@ dielectric barrier capacitance Cy:
slope of active phases of QV plot
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Ekvivalentni obvod (Equivalent circuit)

Ur€eni pramérné hodnoty el. pole »
v plynu mezi dielektriky (DBD) pomoci
zadznamu napéti V(t) a proudu /(t)
@ E=U;/d
@ gap voltage: Uy (t) = V(&) — %?
e transferred charge: o T v
Q(t) = [ I(t)dt
@ dielectric barrier capacitance Cy:
slope of active phases of QV plot

QI[nC]
o

s
o ~ N w

U [kv]
1{mA]

[AV Pipa et al, Review of Scientific Instruments,
83(11):115112, 2012]
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Ekvivalentni obvod (Equivalent circuit)

Problémy:
@ méfi jen "prameérované" elektrické
pole v celém gapu
@ urceni kapacitance dielektrika
neni vzdy jednoduché

» pf. pro fast pulsed DBD: urCeni
z maximalniho pfeneseného
naboje a jeho zavislosti na Vipax:
C')max = Cd( Vmax - Ures)

Q[nC]
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Townsendlv koeficient

Townsendova lavinova teorie:
@ n(x) = nye(E/N)x

[mm]

@ intenzita zareni ~ koncentrace
elektron

@ zavislost w(E/N) Ize najit napt.
v databazi Biagi (www.Ixcat.net)

@ ... zaznamename prostorové
rozlozeni zareni vyboje a fitujeme
jej exponencielou

[mm]

Intensity [rel.u.]

Alpha [mm~1]
5

0 50 100 150 200 250 300
E/n [Td]
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Townsendlv koeficient

Omezeni:
@ predpoklad homogenniho el. pole (Townsendv vyboj)
@ excitované stavy musi byt populované vyluéné pomoci
electron-impact excitation
@ protipriklad: zafivé stavy dusiku se mimo aktivni faze vyboje
populuji pfevazneé prostfednictvim "pooling reaction”:
2N (ASLE, v/ = 0 — 1) = Np(B3IIg, C3I1,, C"°I1) + No (X'2], w)
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Pomér intenzit spektralnich ¢ar

Porovnani intenzit zafeni ze dvou stavu, které jsou populované razné
energetickymi elektrony
Pf.: pomér zafeni FNS a SPS dusiku P S
o first negative system (FNS) e
NJ (B?Z) — NJ (X2%) + hvg (337 nm)
@ second positive system (SPS) JL L g _.L J |
N2(C3H) — N2(B3H) + hvg (392 nm) 372 376 380 384 388 392 396 400 404 408

Wavelength [nm]

Intensity
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Pomér intenzit spektralnich ¢ar

RGzné minimalni energie a Gcinné prirezy pro excitaci hornich stava

SPS a FNS:
@ horni stav SPS:

e+ Ny(X' 5 )v=0 — N, (C311y)y—o +e, AE=11.0eV

@ horni stav FNS:

e+ No(X'ZJ )y—0 — Nj (B?Zy+ )y—o +2¢, AE =187¢eV

Rychlostni rovnice (balance equations):

dnc(x,t) ~ ke (E) gy e — nc(x, t)

dt N ™5
dnB(x, t) . E nB(x, f)
ar e <N> Mafle = 708

» nc — koncentrace molekul ve stavu No(C)

» k —rychlostni koeficienty pro elektron-impakt excitaci (ionizaci)

» 7.4 — efektivni doba Zivota
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Pomér intenzit spektralnich ¢ar

dnc(x.t) _ <E> = C

dt N %
dng(x,t) E ng(x, t)
SBVGE) e (2 _
at B <N> MNafle = 708
Ti h
le(x, 1) = Jefehe o gy = Temhe
Too AC,0-0 Too AB,0-0
d/B /B
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Pomér intenzit spektralnich ¢ar

Jak ziskat kalibragni funkci R (£(1))?

100 200

experimentalné: méreni v Townsendove vyboji o riiznych napétich
[P Paris et al,J. Phys. D: Appl. Phys. 38 3894—-9 (2005)]

simulaci, pomoci kolizné-radiacniho modelu

[P Bilek et al, Plasma Sources Science and Technology, 28(11):115011, 2019]
"kompromis" mezi dosud ziskanymi zavislosmi:

R(E(t)) =0.5-460.065 ¢ %(R) " ~402(R) " E[7q]

[G M Goldberg et al, Plasma Sources Sci. Technol. 31 (2022) 073001]

[A Obrusnik et al, Plasma Sources Science
2 Creyghon model 1991 and Technology 27 (2018) 085013]

Pancheshnyi model (2006}
--- Dyakov et al. model (1998)
— Kim et al. model (2003}

Full-Range Model (FRM}

500 000 2000 3000
E/N [Td]
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[4] P Bilek et al, Plasma
Sources Science and
Technology,
28(11):115011, 2019.



Pomér intenzit spektralnich ¢ar

Ukazka vysledk(: "Hoderovy rybiCky" (streamer v komplanarnim DBD
ve vzduchu) [J. Jansky et al, Plasma Sources Sci. Technol. 30 (2021) 105008]

intensity intensity

[counted [counted
phatans] phatons]
10000 100000
_ 1000 _ 10000
€ E 1000
£ 100 £ o0
x <
10 10
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456 7 8 910 0123458678 910 )
g,) time [ns] b) time [ns]
electric electric v v .
field [kV/cm] field [kV/em] a) merene E/N
800 800 .
500 500 b) simulace
200 200
T 100 100
E 50 50
x 20 20
10 10
2 2
012345678 810 01234567 8 910
a) time [ns] b) time [ns]
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Pomér intenzit spektralnich ¢ar

Omezeni a nevyhody:
@ velka nejistota v kinetickych konstantach — nejistota vysledku
@ nutnost presné shody podminek pro méfreni a model (napf.
Trot ~ 300 K pro [Bilek 2019])

@ SPS and FNS musi byt populované vyluéné pomoci
electron-impact excitation
» konkurenc¢ni procesy:
* the No(A) metastable pooling:
2N (A3E]) — Np(C3ILy) + N (X2, w)
* fotodisociace iontu N : N + hv — N (B2Z{)y—o + Na(X'Z§ ) y—o
Jak to zkontrolovat:

@ pritomnost Herman infrared bands (HIR) a NO-v bands varuje, ze
se ve vyboji vyskytuji metastabily N, (A3X)

@ vibraéni distribuce N, (C3I1y, v) a N5 (B2L{, v) by méla odpovidat
kinetickému modelu [P Bilek et al, Plasma Sources Science and
Technology, 31 084004, 2022]
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Pomeér intenzit spektralnich ¢ar

@ pritomnost Herman infrared bands (HIR) a NO-v bands varuje, ze
se ve vyboji vyskytuji metastabily N, (A3X)

@ vibraéni distribuce N, (C3I1,, v) a N5 (B2L{, v) by méla odpovidat
kinetickému modelu [P Bilek et al, Plasma Sources Science and
Technology, 31 084004, 2022]

‘ (22) (0,0) HIR (0,1) 0,2)
1 7 | | e l ® s
| ) SPS —» HIR :
> i (3,1)(2.0) FPS 2,1) (1,0) _ / 2
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= 1\ “‘ 5 2,
| ) <
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Pomér intenzit spektralnich ¢ar

Poméry jinych €ar v jinych plynech:
@ argon: Ar(763.5 nm), Ar+(488.0 nm) [N A Dyatko et al, 2021 Plasma
Sources Sci. Technol. 30 055015]

@ helium: pomér intenzit povolenych a zakazanych ¢ar — Hel 402.6
nm, Hel 447.1 nm, Hel 492.1 [B.M. Obradovic et al, Physics Letters A 372
(2008) 137—140]
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Stark polarization emission spectroscopy

Starklv efekt:

@ posun a Stépeni spektralnich ¢ar atomu ¢i molekul vlivem silného
vnéjsiho elektrického pole

@ "elektrickd obdoba" Zeemanova jevu
@ stanoveni el. pole, ale také koncentrace a teploty elektronu

E fom-1)
&
g

700
)

S0 100 500 200 700 00 30 4000 4500 5000
)

Energiovy diagram atomu vodiku v zavislosti na elektrickém poli
[https://en.wikipedia.org]
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Stark polarization emission spectroscopy

Starkav efekt:
@ energiova hladina s hl. kv. €. n se vlivem vnéjsiho el. pole E
rozstépi na (2n — 1) podhladin
@ posun energii:
AW(n, ny, np) = 288n(ny — np) E

Pfechody mezi hladinami se
rozdéli na mnozstvi : Be
komponent dvou typu: E AT

@ Am = 0: t-komponenty —
line&rné polarizované | E e

@ Am = +1: o-komponenty
v . z Figure 1. Splitting in an external electric field of the: (a) energy
- kl’u hove p0|ar|zovane levels n’ = 3 and n = 2, (b) ;r and o Stark components, where

v rovlné J_E k =n"(n —n3) —niny —nz).
[T Wujec et al 2003, J. Phys. D: Appl. Phys. 36
868]
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Stark polarization emission spectroscopy

Loz @ et | ()
Obvykle pozorovaneé cary:
@ H, (656 nm), Hg (486.13nm) o = — -
2000 | 1000 |
p . ‘ \ ‘
— ot surface 11 near cathode
(492.19 nm) = sl
E)
=
7x10°H(a) a4 E=206KV/em |i®) = 0 - 0
| g {12 £ .
6x10° . z @ nearanode| @ near anode.
g sx10 10g £ o} * 2000 | “
= =
« 8
5 4x10 % 0 0
B 62 middle middle
Z - ] 2000 Al 2000 |-
£ 2110 42
k| = :
1x10° 2 0 mear cathode 0 ear cabode
0 M 5 2000 - 2000
4915 4920 4925 4930 4920 4922 A
A [nm] 2 [nm] 0 . ; * 0
034 -0.17 000 0.17 034  -0.34-017 0.00 0.17 034
Figure 6. Typical 7-polarized spectra of He I at 492.19 nm line Al [nm] AL [nm]
recorded from (a) a helium plasma jet in air at atmospheric pressure
[88] and (b) an abnormal DC discharge at low pressure [85]. F is the i Glac at sav .
B : . T : R N igure 3. Balmer H, line profiles at several distances from the
forbidden line, A is the allowed line, ff is the field-free component. Surface: (@) without chopper and polarizer: (B) with the chapper

Reprinted from [88], with the permission of AIP Publishing.

synchronically eoupled with AC sinusoidal voltage supply: (¢) with
i 2 the chopper and the polarizer transmitting = components: (d) with
[G B Sretenovi¢ et al, Appl' Phys. Lett. 99, 161502 (201 1)] chopper and with polarizer transmitting & components.

Hy, 2 kPa [T Wujec et al 2003, J. Phys. D: Appl. Phys. 36 868]
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Stark polarization emission spectroscopy

Ukazka vysledku:

(a)

1500
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© 3000

2000

=045
(E=0.79 kV/cm)

1000

655.5 56.0 656.5 657.0
A [nm]

Figure 7. Measured H,, (r) Stark profiles and their fits (——) at the distances: (@) near the cathode d = 0.17mm (£ = 9.2kVem™): (#) in
the centre of the discharge d = 0.29mm (E = 6.7kV em™'): (¢) near the anode d = 0.45mm (E = 0.79kV cm™!). The electric field
strength intensity was determined from equation (4.3)

Ho, 2 kPa [T Wujec et al 2003, J. Phys. D: Appl. Phys. 36 868]
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Stark polarization emission spectroscopy

@ jednoducha instrumentace (spektrometr)
@ neinvazivni metoda
@ stanoveni el. pole, ale také koncentrace a teploty elektronu

@ nizka senzitivita (kV/cm), mozna zlepsit sledovanim vysSich
(Rydbergovych) stavi — excitace laserem

@ Casové a prostorové rozliSeni je obvykle horsi nez u laserovych
metod (ale pomuze streak kamera nebo TCSPC)

@ jen pro nizké tlaky (<100 Pa?), kde je viditelny Starklv efekt (pro 1
atm, Ha, Stark pfemuze tlakové rozSifeni ¢ary az pfi ~10 kV/mm)
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Laser induced fluorescence dip spectroscopy

@ prvni laser (UV, stabilni A): dvoufotonova excitace, pozorujeme
fluorescenci z horniho stavu

@ druhy laser (IR, scan A): excitace vy§Sich Rydbergovych stava,
pozorujeme "absorpéni" peaky v detekované fluorescenci

v orv

@ el. pole zplsobuje Starkovo rozsifeni/posun peakd

A

lonization Continuum

Rydberg States

A

Metastable Electronic Level

Electronic Excitation

Increasing Energy

Target Electronic Level

Scanning IR Laser

FIG. 1
hydrogen

n>>3
IR-Laser T
n=3
656 nm
n=2
A
2 x 205 nm
n=1

Scheme for flucrescence-dip spectroscopy in atomic

[U. Czarnetzki, D. Luggenhdlscher, and H. F. Débele Phys. Rev. Lett. 81, 4592]
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Laser induced fluorescence dip spectroscopy

principal quantum number 1.0 T T
5040 30 25 _ 20 15 14
o 4 a)
= -0 Viem
a) £
3 8
a z05 +——10 Viem
g g
E E =— 24 Viem
- 0.0 L L 1 1 1
3 -2 - 0 1 2 3

820 830 840 850 860 detuning (Cm")
wavelength (nm)

principal quantum number n
5 5p t1‘5 4'0

3 ]

g

=

g

= = i fiekd strength (Vorri")
wavelength (nm) FIG. 4. (a) Measured specira with n = 30 at various field
FIG. 3. Scan of the IR laser wavelength over Rydberg state strengths. (b) Measured F (squares) and reduced
resonances at zero ficld (carcles) after deconvolution. The solid line 1s the theoretical
curve

[U. Czarnetzki, D. Luggenhélscher, and H. F. Débele Phys. Rev. Lett. 81, 4592]
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Laser induced fluorescence dip spectroscopy

obvyklé Castice: H, Ar, Kr, Xe

skvéla citlivost (~ 1 Vem™7)

2D rozliSeni (parametry laseru a kamery)

Casoveé rozliSeni: ~ ns, limitované skenovanim vinové délky

vhodné pro "fidké" vyboje — DC glow, RF — kde by CARS ¢&i EFISH
nemél dostatek signalu

jen pro nizké tlaky (<100 Pa?), kde je viditelny Stark(v efekt
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El. field CARS

E-Field CARS

@ CARS = coherent anti-Stokes Raman
scattering

@ E-field CARS: dva kolineérni laserové svazky
excituji molekulu do vy$Siho vibra¢niho
stavu; IR emise ~ intenzita elektrického pole

v=l —

v=0 =

Phase Matching Diagram

@ Co je Ramanuv rozptyl?
Q Co je CARS? [Goldberg et al, Plasma
© Co je E-field CARS? Sources Sci. Technol. 31

(2022) 073001]
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El. field CARS: 1) Ramanuv rozptyl

Ramanuv rozptyl:
@ inelasticky rozptyl fotonu pfi srazce s Castici (molekulou)
@ typicky zobrazuje vibraéni spektrum molekuly; komplementarni
k IR spektroskopii
@ spontanni Ramanovské zareni je velmi slabé (— je obtizné
odfiltrovat jej od Rayleighova rozptylu)

Virtual
energy

states
Y

Vibrational
energy states

) i

Infrared Rayleigh Stokes  Anti-Stokes

O NWAH

absorption scattering Raman Raman
scattering scattering
[Wikipedia]
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El. field CARS: 2) CARS

CARS = coherent anti-Stokes
Raman scattering

@ nelineérni optika, four-wave
mixing

@ koherentni, procez silnéjSi nez
Raman

@ pump+Stokes fotony spole¢né
excituji molekulu do vy$siho
vibr. stavu

@ treti foton (probe) zplsobi
klasického anti-Stokese

Martina Mrkvickova

ki

Fig. 1. (2) Schematic of molecular states and the CARS signal-generation process. The

Raman warstions between ro-vibrational states |v,) and V') are probed with CARS

spectroscopy. (b) BOXCARS configuration where rh!p n\p Stokes and probe beam

wave %, dt. over hp ¢ the interaction volume to generate CARS
n. {c) Veat ol o4 epresentation o the phasa matchi gcnndnnn Eq.{11).

[S. Roy et al., Progress in Energy and
Combustion Science 36 (2010) 280-306]
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El. field CARS: 2) CARS
Vylet do nelinearni optiky:
@ nelinearni polarizace:

P; = eo(xy Ej + Xije EiEx + Xjjd EIEKEI + )

» P;—indukovana polarizace materialu

» E; —intenzita elekirického pole CARS
» x\") —susceptibilita n-tého ¥adu (tenzor) T ™
@ vinova rovnice: Opote | | ocas
sz 1 82E — aZP Dpump Diokes
2o e ouf
—

@ v ifeSeni pro CARS se objevi nova komponenta:
exp(iAKL) — 1
E((UCARS) x E(wPump)E(wStokes)E(wProbe) | Xcars| Ak

> WCARS = WPump T WProbe — WStokes (typicky WPump = WProbe)
» AK = 2Kpump — Kstokes — Kcars — wave vector mismatch
» [ —interakéni délka
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Vyuziti CARS: méreni teploty, méfeni koncentrace konkrétnich molekul

NCCRD@IITM-Coherent anti-stokes Raman Spectroscopy by Prof Andreas Dreizler
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El. field CARS

Vibrational CARS | E-Field CARS

@ "Probe" beam nahradim el. i I
polem ("foton o nulové T 1
frekvenci”) I
» dva laserove svazky o R
energiich liSicich se o » .
energii Vibraéniho Phase Matching Diagram | Phase Maiching Diagram
Ramanovského prechodu — T
molekuly (Ho, No) ' |
> Vnéjéi elektrické pole Figure 9. Vibrational and E-field CARS energy and phase matching

diagrams. In both experiments, pump and Stokes photons interact
round state molecules. In E-field CARS, the induced

umozni (jinak zakazany) IR

pfechod, vznikly IR svazek mlecale o it coherent ation attheir 1) heguency.
Je, kpherentnl S lasery a . [Goldberg et al, Plasma Sources Sci.
zavisi kvadraticky na el. poli Technol. 31 (2022) 073001]

. AKL
hr ‘X1(13{) ‘2L2 : IPump IStokes‘ EEX’[‘Z : SlnC2 ()

2

(3)2 2
hR o XR'T [Epxil

T 3 T
cars | X(c KRS 12 Pump
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El. field CARS
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Fig. 3.

[Lempert W R, Kearney S P and Barnat E V 2011 Appl. Opt. 50, 5688—-94]
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(Color online) Sample oscilloscope traces of IR CARS pulses at various electric-field strengths.
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Part VII




Electric field induced second harmonic generation
(EFISH)

Electrické pole v plynu — polarizace plynu — opticky anisotropni —
generace druhé harmonické frekvence:

powermeter DBD reactor
2a \
-
‘ .
photodiode Nd:YAG laser

5

2b photomultiplier

Signal je velmi slaby, koherentni, line-integrovany
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Vylet do nelinearni optiky
@ nelinedrni polarizace:

1 2 3
P = eo(x} B + X EiEk + X\ EJEKE) + ...)

» P;—indukovana polarizace materialu

» E; —intenzita elektrického pole

» x(" — susceptibilita n-tého fadu (tenzor)
@ vinova rovnice: V2E — 1°E — yoazl

c? ot2 ot2

@ generace druhé harmonické:

Ej = Ex = Eg cos(wt)

PI.(Z) = eoxgjlz()EjEk = eoxl(-j,z() EZ cos?(wt) =
1 1
= §€0X§j;2<) EZ + §€0X§j/2<) EZ cos(2wt)

(2)
® Xik
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= 0 v izotropnim médiu (napf. plyn)



Vylet do nelinearni optiky - EFISH

EFISH:
a) elektrické pole — prostfedi uz neni izotropni — X/('ji) #0
b) elektrické pole beru jako "tfeti E s nulovou frekvenci":

Ei = Ex = EW“ cos(wt), Ej = Eext

@ indukovana polarizace na druhé harmonické frekvenci:
2 3 @3
P Exl(.jk;(—Zw,O,w,w)Eext(E(“’))z

@ intenzita signalu je Umérna kvadratu polarizace:

j20) [x“) Eext/(“’)} 2
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Electric field induced second harmonic generation
(EFISH)

+V
Laser in -L L v d

EFISH v homogennim el. poli E = &

sin(AkL) 12
120) o [4® N 1@ B, (Ak>
/(2%) _intenzita signalu EFISH
«(3) — nelinearni hyperpolarizabilita tfetiho stupné (vlastnost plynu)
N — koncentrace plynu
I(@) —intenzita primarniho laserového svazku H —_—
Eext — externi el. pole (tohle méfime) e =)
Ak = (2k, — ko) — rozdil vinovych vektoru (8k-2) |
L — polovina délky elekirod (ne délka ohniskal)

Y Y Y VvV VvV VvYY
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Nehomogenni pole:

[20) o [aw) N. ,(w>]2 ‘E2.zq.

o j . . .z
/ EéXt(z,)_exp(l Ak - zg z)dz'

Eexi(2)
Ee/!xt(z/) = e)EO
7 =2
ZR




Electric field induced second harmonic generation
(EFISH)

@ Pokud je sloZeni plynu, tvar laseru i prostorovy tvar E.,.(Z)
neménné béhem experimentu i kalibrace:

129 = A (J@)2. E2

@ Kalibrace: konstantu A zjistim mérenim zavislosti ve znamém el.
poli (... pod zapalnym napétim)
@ El. pole pak stanovime jako
\/ /(Zw)

[
07 VA @)
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Electric field induced second harmonic generation
(EFISH)

Vyhody:

@ vysoké Casoveé i prostorové rozliSeni i
(parametry laseru — délka pulzu, tvar : Mg 7
ohniska) - , £

@ funguje ve vétsiné plynu :?/V

@ nerezonantni, libovolna volba vinove ¢ u}/
délky I

e citlivost ~ 1 kV/cm NN

@ jen jeden laserovy paprsek — [Dogariu et al, Phys. Rev. Applied
jednoduché ladéni experimentu 7, 024024 (2017)]

@ polarizace signalu || Eext
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Electric field induced second harmonic generation
(EFISH)

Nevyhody, limitace:

@ line-integrovany signal — nesnadné urCeni prostorové zavislosti
pole podél z, signal maze vznikat i prekvapivé daleko od ohniska

@ neintuitivni zavislost na L — obtiZzna kalibrace, pokud tvar pole

nezname
@ zavislost na typu plynu — napf. lxx(li)duch ~ 20 - zxg’e)

@ pro kalibraci se ¢asto musi extrapolovat
@ signal zavisi na frekvenci Eqxt
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(a)

il Constant Applied Field, £,,,
Laser in L l__}_d
- i —
25 t
(b) 30cm
— <ﬂ 27em
i T
x Probe beam
Probe beam .

Figure 1. (a) Schematic of a canonical geometry typically used in E-FISH diagnosis. The top electrode is held at a potential of V with
respect tothe grounded bottom electrode. (While this illustration presents a focused probe beam, it should be understood that in the case of a
plane-wan, the inteasity of the probe beam i constant with respect 1 space and time.) (b) Conresponding schemaic of the

ol used for th i

r

By wanslating th
dlectrode length (vertical red dashed line) seen by the E-FISH probe beam is viried.

arrow in figure inset), the effective

[T L Chng et al Plasma Sources Sci. Technol. 29 (2020) 125002]



E-FISH Signal vs Electrode Length (Constant Ak = 0.5 cm™)

&

E-FISH signal (Azg), cm
°
&

|—u=-16.93 (2, =339 mm)

20 25 30 35
Electrode length (2L), om
®

E-FISH Signal vs Electrode Length (Constant z, = 3.39 mm)

[—ak=-05 cm“q

15 2 25 30 35
Fak=-scn
5 2 25 3 35

E-FISH signal (Alzg), om

015 02

Electrode length (2L), cm
®)

Lon A

axis). (b) Spatial

by
equation (5)) in a constant extemal field, for L — 6.4 cm, and 2, — 3.39 mm. Gray and blue vertical dashed lines correspond to = = %z

[T L Chng et al Plasma Sources Sci. Technol. 29 (2020) 125002]



Electric field induced second harmonic generation

(EFISH)

2500

.

P =20 mbar, V = 1.6 cm/ns

+ P =40 mbar, V = 1.2 emins
20004 ﬁ P =70 mbar, V = 0.6 cm/ns

P =100 mbar, V = 0.4 cm/ns|

o 15
z i
“ 1000 ilg
F otz
L
#
500 7 z 1 -

Time, ns

Figure 7. Reduced electric field measured in the front of a fast
ionization wave discharge in nitrogen at P = 20-100 mbar, plotted
on the same scale.

[T L Chng et al 2019 Plasma Sources Sci.

Technol. 28 045004]
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Figure 4. Longitudinal electric field temporal profile at 500 jum
from the cathode obtained using the E-FISH technigue
(line+symbol line) compared with the electric field profile
caleulated as a voltage over gap length ratio (dashed line), He:N; =
5:1 mixture at 900 mbar, negative polarity discharge. The letters
denote the boundaries of the regions with different field behavior;
see text.

[N D Lepikhin et al 2021 J. Phys. D: Appl.

Phys. 54 055201]

Méreni elektrického pole jaro 2025 53/59



voltage [kV]

current [mA]

20 40 60
time [us]

80

20

40 60
time [ps]

80

efish signal [arb. u.]

0 20 40 60
time [s]

|E/n| [Td]

40 60
time [us]

80

efish signal [arb. u.]

0
voltage [kV]

[M Mrkvickova et al 2023 Plasma Sources Sci. Technol. 32 065009]




-
N

—
o

efish signal [arb. u.]

voltage [kV]

10

efish signal [arb. u.]

with windows
without output window
without both windows

voltage [kV]




-
S

(@)

o «

Voltage [kV]

&

o
3

-
N
S

,_.
S
3

|E/n| [Td]

®
3

Current [mA]

[
Position [mm]

(d)

°

40 60

Time [1:s]

(b)

|E/n| [Td]

|E/n| [Td]

40 60

Time [ys]

0.4 mm
0.3 mm
0.2 mm
- 0.1 mm
——0mm

~01mm
-0.2 mm
~0.3 mm
- 0.4 mm

Cathode

o
o

0
Position [mm]

(e)
oo
oot

)

Position [mm] -0.5 0 Time [xs]




Part VIII




Vystavka diagnostickych metod

@ elektricka méreni:
» ekvivalentni obvod
» kapacitni sondy
» Pockels-effect-sensitive crystals
@ optickd emisni spektroskopie:
» Townsendlv koeficient
» podil intenzit spektralnich ¢ar (napf. FNS/SPS)
» Stark broadening, Stark polarization emission spectroscopy
» bremsstrahlung (Z. Navratil)
@ laserové metody:

» CARS (Coherent anti-Stokes Raman scattering)
» laser-induced fluorescence dip spectroscopy
» EFISH
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