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Théorie de l'ionisation directe Formation d’'une région
dans le liquide de faible densité

Microbulles preexistantes
Théorie de Lewis — formation de cracks 1998
Théorie de I'électrostriction :

formation de nanopores
(cavité vide)

EHD Théorie O. Lesaint
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Discussion RPF 2020 — Liquides purifiés

Liquid T(K) | Mg cm2Vist I liq - Eg (eV) free electron
lifetimes W F Schmidt
Ar 85 475-625 14,3 >4 msec Liquid State Electronics of
0,1ppb of 02 Insulating Liquids 1997
Kr 117 1800 11,7
Electronic Excitations
Xe 165 23950-2000 S E in Liquified Rare Gases 2005
Methane 111 400 .
Quasi-free
Tetramethylsilane | 295 99 100-200ps
CERN TMP
Neopentane 295 65
Ethane 296 47
Isooctane 296 7
He 4.2 2102 25,5 Electron bubble 17 A
Cyclohexane 296 0.4
Localized
N pentane 296 0.16
Water 293 18 104 Localized (solvated)




Initiation de la décharge : | Avalanche électronique GggLab

Discussion RPF 2020 en phase liquide
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Application de la spectroscopie a I’¢tude
des décharges ¢lectriques

dans les milieux denses.

N Bonifaci

CNRS, G2Elab, F-38000Grenoble, France

Nelly.Bonifaci@g2elab.grenoble-inp.fr

Joel Rosato, Sylvain Iséni, Jussi Eloranta, Olivier Lesaint,
Zhiling Li , Vladimir Atrazhev, Yann Cressault, Nader Sadeghi.
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Theoretical background of optical emission spectroscopy for analysis
of atmospheric pressure plasmas

T. Belmonte, C. Noél, T. Gries, J. Martin and G. Henrion, Plasma
Sources Sci. Technol. 24, 064003 (2015).
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Présentation RPF 2020 Yann Cressault
Laboratoire LAPLACE, Toulouse
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Molecular spectra

T,: electronic term, G(v): vibrational term, F,(J): terme rotationnel T
1 1 1 3 B
G(V) = We (V+E) — (,()exe(\}+5)2+weye (V+E) + .- . P

Ry (3)=B,3(3+1)-Dy32 (3 +1) +..

J rotational quantum number

If the rotational states are in equilibrium

they are distributed according to a B. Pearse and A. G. Gaydon
Boltzmann law: The identification of Molecular Spectra Chapman and
Hall 1976
. Ny Ju Eu/
Nu — —T e kTr G. Herzberg, Molecular Spectra and Molecular Structure:
Q( r) l. Spectra of Diatomic Molecules, 2nd edn.

(Van Nostrand, Princeton, NJ, 1950)

|. Kovacs, Rotational structure in the spectra of
diatomic molecules (Adam Higer Ltd., London, 1969)

Home made code "
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Yann Cressault Laboratoire LAPLACE, Toulouse

5. Conclusion : et les logiciels? SPARTRAN

TABLEAU 1.3 Mok cules et systémes traités dans le logicel SPARTAN

Molécule Systéeme

* Multitude de logiciels <o, iniraouge
* Systemes moléculaires disponibles ? = Doty e MO e
* Quels paramétres/constantes spectro ? o prvi—

co Infrarouge, Quatnéme Posihf,
* Quel couplage ? Angstrom, Troisieme Positif,

. ’ . Triplet, Asundi
* Quelle fonction d’appareil ? co’ B-A, B-X, Comet Tail
. §3 Premie r‘Pos l.t'll. Sec::an Positif

* Quelles hypotheses ??? Ny Premicr Negat

(0] Schumann-Runge,

Schumann-Runge Continuum

LIFBASE SPECAIR Raies atomiques Hj\ffr TI:\tC;LO ’

Photo-ionisation HCCH NN OO0 AL Ar’
EAU1?2 sBeoules of eveidmeos siike > riciel SPEC/ . . . .
TABLEAU 1.1 Molécules et systemes traités dans le logiciel LIFBASE TABLEAU 1.2 Molécules et systimes traités dans le logiciel SPECAIR €Oz C2, Na, Oz, CO, €N, NO
- Photo-détachement C ,N-,O
- 3 H Bremsstrahlun, N, O, N2, Oz
Molécule Transition Systeme Umax Molécule Systéme Version demo 5
OH A-X Violet 8 OH Violet v
oD A-X 3 ] Meinel .
NO A-X T 5 () Swan X
3 7 CN Violet v
BX p 7 et : MASSIVE OES
/ ¢ A
D-X € 5 cO Infrarouge, Quatrieme Positif v AR EATY 1.4 Syt traitie dane le Iogiciel massineOFS
CH A-X 3 N» Premier I’O?‘iﬁl‘, Second Positif y ABLEAD 1.4 Swstmes traikis dans le Iogicke ] massio
B-X 1 N Meinel ., Molécule Transition Systzme Base de Réfs.
; . C e er donné
X 2 Premier Négatif v - _ _ comes
CN B-X Violet 8 NH A—X . N; B-X Premier Négatif LIFBASE [LC99a]
CF A-X 3 NO ]n|'r;|r(|ugc' iz ﬁ v OH A-X Viclet LIFBASE [LC99a)
B-X 5 5 e B o
SiH A-X : 5 h %EPp, R! - Na C-B Second Pasitif - [L.K92), [FS98], [Nas+04]
= A = O, Schumann-Runge X
N, B-X Premier Négatif 6 = 8 NH AX PGOPHER [Ler73], [SPS94], [RB10], [Wes17]
= Raies atomiques C,N,O v
9 NO B-X B LIFBASE [LCS9a]
Ar-N,, 1atm (A-M Kassir, PhD Thesis, 2020)
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5. Conclusion : et les logiciels?

N T, = 5000 K
—— SPARTAN Tr=2500K g :
0.5 - Systeme y du radical NO
Cas d’un plasma thermique
AN
0.0 4,
S
1.0
— @*@ 11
9 AR ) Quand ca marche pas !!!
& 057 Y
s
S 00 3 T - T T T T T T
= z
© 1.0 * Decalage en longueur d’'onde de 0.235 nm ;
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e —— SPECAR .
€ 037 ‘ AL * Pas de dédoublement A dans I'état 2[1.
A A A A e M ! ' ’
O'O I T : - “ s T . ’ s
- * Cas de couplage de Hund considere pour le
| — code niveau fondamental ;
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0.5 -
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Ar-N,, 1atm (A-M Kassir, PhD Thesis, 2020)
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SPARTAN | Concordance

N,* Meinel (A—X)

included

LIFBASE | SPECAIR
NO y (A—X) included | included Included
NO B (B—X) included | included Included
NO & (C—X) included | included | 'Meluded
NO & (D—X) included | included Included
NO B’ (B'—X) - included Included
NO vy (E—X) - included Included
NO 11000 A (D—A) - included -
NO Infrarouge (X—X) - included -

N,* Premier Negatif (B—X)

N, Premier Positif (B—A)

included

included

included

Included

Included

N, Second Positif (C—B)

O, Schumann-Runge (B—X)

included

included

Included

Included

Ar-N,, 1atm (A-M Kassir, PhD Thesis, 2020)

GZE Lab

r, e Electrique
Gr llb/l eal Engin

Laplace
Etude des molécules diatomiques
C-H-O-N

- Comparaisons des logiciels
- Etudes expérimentales
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Molecular spectra

The rotational temperature of a molecule is often use as a )
probe of the gas temperature ]

Second positive band system N, (C-B) Tr . £Tr Collisional time
Ultraviolet band system OH (A-X) N2 OH Radlatlv.e life time
First negative band system N,* (B-X) Quenching

“.... observing a rotational Boltzmann distribution is a necessary but not sufficient condition for
assuming that the rotational distributions are in equilibrium with the gas kinetic temperature. .....
....an overpopulation of high rotational states occurs, which in the absence of thermalization of
the rotational states would typically lead to a larger rotational temperature parameter in
comparison with the gas temperature.”

P J Bruggeman Nader Sadeghi et al Plasma Sources Sci Technol 23 (2014) 023001

Two « Temperatures » Model —3 T

Boltzmann Plot
14



Spectral Line Profile P (1) L2t

__hc hw, hc
EE_EAUIPE(Z)N hVu|= > 2/1 =E —E|
u

ul

A, : Einstein transition probability of spontaneous emission [s71],
h : Planck constant,

L the wavelength of the emitted photon [m™1].
N, : number density of emitting species [m=3] in the u state.

R. Stringanow and N. S. Sventitskii, Tables of Spectral Lines of Neutral and lonized Atoms Plenum
New York 1968.

NIST ASD Output: Lines http://physics.nist.gov/cgi-bin/ASD/lines1.pl

Atomic Spectral Line Database http://cfa-www.havard.edu/ &FFamy (Cul)

« 15
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Spectral Line Profile P,(A) Latuab
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Broadening mechanisms

Natural Broadening Adhatural~10-4A

: 2kTLN2 T Gaussian Profile
Doppler Broadening A4, =24 £ =7.157x107 4, |—

Mc M particle Temperature
T Ahp
He 10000 0,02 nm
Ar 10000 0,0057 nm
H, 5000 0,025 nm

Instrumental Broadening Gaussian profile

Pressure Broadening — Lorentzian profile (Complex line)



- G2E€ (ab

The radiation emitted from an atom is changed by
the force field of a neighboring atom. Frequency and Sem|_emp|r|ca| pOtentlaI
amplitude are therefore no longer constant in time. . ..
The change is so great, however, that the phase of the
vibration after the collision is no longer the same as it
would have been had there been no collision.

—Weisskopf, 1933 hC w h C 1%

Stark (p=2,4)

ab-initio potential

Laboratoire de Chimie et Physique Quantiques
Systémes ayant un faible nombre d'électrons




Grenoble Génie Electrique
, Grenoble Electrical Engineering

Semi-empirical Potential

Linear Stark hCy Literature
V(r)=+ >
Quadratic HC® Literature
Stark V(r)=+—?
r
Resonant 2
— 3 —
3 167°g,m,C
van der o _ a2 2 6
Waals HCO ) 1 , Co=e aKr >‘ ergcm
V(r)=——28 C. = e‘al(r 6g-1
r = 6 m®s
r 2hg,
o o atomic polarizability m3
2\ _ o2 N *2 .
(r?)=ag 272 (5n" +1—1(1 +1)) [ &
I Ei o Eu

W. Behmenburg J. Quant. Spectrosc. Radiat. Transfer 4, (1964) 177

3 C ce W. R. Hindmarsh, A. D. Petford, G. Smith, Proc Roy Soc A 297 (1967) 296
V(r) K| =2 _ =6 | [ W. R. Hindmarsh, A. N. Du Plessis et J. M. Farr (1970) J. Phys. B: At. Mol.
r'’>  r® ] | opt. Phys. 3, L5-L8
Butaux, F Schuller, R Lennuier ] de Phys, 33, (1972), 635.
ab initio potential .19
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H G Kuhn : Does your treatment predict satellite line?
A Jablonski: The theory does not predict this mysterious effect. 1968

upper
.hump (repulsive part)  AV(R)= VipperViower

Maximum
7\‘ \

satellite t---}----------- _

v

(')
R
A
(@)

o 2

g Extrema of AV — satellites

Internuclear distance R

Maximum of AV —— Blue satellites

MOLPRO 2009 package
http://www.molpro.net
Laboratoire de Physique et Chimie Quantique Toulouse * 20
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\', 2 Interaction
Physical classification

Stark (Literature)

Van der Waals (-C/ro) Potentiel ab initio
3 MOLPRO 2009 package
Resonant (+'C3/r) http://www.molpro.net

Spectral line Profile

?

Classical theory . Quantum treatment

? Stark

« 21


http://www.molpro.net/

| (@) = % Re [ dt<& (0)-d (t)>eiwt

d is the dipole moment

U(t) evolution operator relative to the electrons

cT(t) —U*(t) &(O)U (t) U-matrix
|hd—U (t) _ (Ho(t) Y (t))U (t) H, is the Hamiltonia_n of the
dt unperturbed emitter
time-dependent Schrédinger equation Code
for the evolution operator U(t) PIIM Marseille

Weizmann Institute of Science, Israel;

vallaloid Spain 22



Spectral Line Profile Gz€la

Line shape formalism based on the Fourier
transform of the autocorrelation function

P(w) = %Re +§O¢(T)6Xp[ia)f}jf o(7) = j e'1=1t=) gt

~N portV,y (7) Autocorrelation function (wave train)
— e pertY p

—I
p(r) =(e™) o
t The autocorrelation function measures the average

evolution of the wave train over a time interval t
from an initial time t

P. W. Anderson, Phys Rev 76 (1949) 647.
P. W. Anderson, Phys Rev 86 (1952) 809.

23



' TP Classical theory GZ2€ et
S pe Ct ral L I n e P rOfI I e 10 p L

¢(T) _ <e—i77 >t _—NpeVp(7) Perturber density Ny,

Vp: collision volume

V,(r)= 27r[jbdb_[dx { 1—exp(-i ;@R(t'))dt') }] Rectilinear classical path
0 —o0

— [bz + (Xo 4+ \_/t)z ]1/2 b is the impact parameter nssical
waiectory
g Emitt
Unified theory % R
Impact approximation N <<< R(t) “-_
Quasitatic approximation N >>> e

perturber
.« 24
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Spectral Line Profile

The quasistatic and impact approximations represent important theoretical limits that are in many cases sufficient for practical purposes and have been
used to guide and develop new methods that are more generally applicable and, in fact, satisfactorily solve the line broadening problem in practically all
cases. S. Alexiou / (2009)

Experimental profile

Lorenztian profile Impact N<<, core
(Voigt profile) approximation
- Red Asymmetric Quasi static N>> wing
'\ profile approximation
=TT Complex N, ®
| ’ Satellite Unified theory

Blue wing (ab initio potential)




Impact approximation

Grenoble Génie Electrique
, Gren gineering

Stark literature
Resonant 292
1 eA°f A P
Ady, = K= 20 = Zu 0 N oo =
7\ g, 4ze,m.C T S  ~0
Ares ~
K:0,9-1,8
van der Waals 42 5
—3/5
Al = Al =2 |AC?°V "N o
/’L\/dW (Zﬂcj 6 T0.7
A 8.08 ou 8.16 _ Adypw

Avdw 5 75

v= SK%w
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Quasistatic Approximation

stark | =m=————

Resonant A/lresQS = A/?“res (1— ﬁN ) S/lresQS ~ gAﬁ‘reSQS

H. R. Zaidi, Can. J. Physics 55, (1977) 1243.

Van der Waals 1=
Adys =0.4117°C, “L N2
C

| 1 M ) v

P (1)=0 A<

Pr= ,[PLor (A/I_g)PQS ()<

H. Margenau Phys. Rev. 48, (1935) 755.
H. Margenau Phys Rev 82 (1951) 156.




' : R — a
Spectral Line Profile G2€a

Profil (u.a.)

Unified theory

N Allard

GEPI, Observatoire de Paris

A -1
5 Aa(em™)

e ‘Ab initio potential
—jdtV(R(t))

DI I 27pdp I dxd,.(RO)) e d.(R(z))~d..(R(0))

Z |dee |
~ VL [R(1)]

modulated electric dipole transition moment 8/606' (R(t)) — dee- [R(t)]e KT

d.. Dipole transiton moment (&b initio calculation )
Allard N F, Royer A, Kielkopf J F and Feautrier N 1999 Phys. Rev. A 60 1021 .28
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Spectral Line Profile

Stark broadening

« 29
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Linear Stark effect Hydrogen lines

H, 656.2 nm, Hg486.1 nm

H.R. Griem, Plasma Spectroscopy, — * 3/2

Academic Press, New York, Ne_C(Ne’T) AL

1964.1964

H Griem Spectral line broadening by o

Plasmas London Academic 1974 Where C(Ne,T) is in A2 cms.

H. Griem, Principles of Plasma
Spectroscopy, Cambridge
University Press, 1997.

_ Table
M. Gigosos et V. Gardenoso,
J. Phys. B: At. Mol. Opt. Phys., .
vol. 29, no 20, p. 4795, oct. HOL full width at half area
1996.
M. Gigosos , M Gonzalez V.
Gardenoso N 0.68116
Spectrochimica Acta Part B 58 e
(2003) 1489-1504 Hy A, (nm)=4.28

1023




Example : Helium Gas

Linear Stark effect + van der Waals

Aﬂ1or — stark (Ne ’Te )+ Aﬂ“"d\"(N )

7. 59*10 -43 2.20x1 0 5pT 7/10

m 6.85*10-43 2.12x10°5PT-7/10
m 5.82%10-43 1.98x10-5PT-7/10

2.75%1043  2.40x 1o 5PT 7/10

m 1.696%1043  2.20x10-5PT-7/10
BETDTI 1.18%10%  1.93x10°5PT-7/10

Hy quadratic Stark, H,, self —absorption

« 31



Grenoble Génie Electrique
, Grenoble Electrical Engineering

Quadratic Stark Effect

Impact Approximation Quasistatic Approximation

electrons (5) lons
1% W(BWpB
J(X)=—
”'£1+(X—A4/3ﬂ2)2

Holtsmark distribution

W (B)=(2/7)B|_ xsin(Bx)exp(—2**)dx

AL ={1+1.75(1-0.75r)Pw N

e o Tg 0. 97 Griem 1974
S seny = 0 £ 2A1— 0,750

&H. R. Griem (1964) Plasmas Spectroscopy , McGraw-Hill Book Compagny, New York.
&H .R. Griem (1974) Spectral Line Broadening by Plasmas , New York : Academic Press.
&H. R. Griem (1997) Principles of Plasma Spectroscopy , Cambridge.



Stark : Line shape Code G2€.ab

LSP Quantum treatment, Numerical calculation

Simulation LSNS PIIM computer simulation
code Rosato, J. et al method
J. Quant. Spectrosc. Radiat. The particle motion is simulated
Transfer 2015. 165. 102—107 and the Schrodinger Eq. is solved
| ’ numerically

it is time consuming

SimU Stambulchik, E. et al
Phys. Rev. E 2007, 75, 016401

PppP PIIM Frequency Fluctuation Model
Models Calisti. A et al Rapid calculations for neutral and
Phys. Rev. A 1990, 42, 54335440, charged emitters
QC-FFM Stambulchik, E.etal Frequency Fluctuation Model
Phys. Rev. E 2013, 87, 053108.
Zest Gilleron, F et al Quasi-static description of ions
Atoms 2018, 6, 11 and impact approximation for

electrons
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\', : Interaction
Physical classification

Stark (literature) Potentiel ab initio

Van der Waals (-C4/r®) - IC/I;Dde MOLPlRO :
Resonant (+_C3/r3) p://www.molpro.ne

Spectral line Profile

Unified theory Stark

i i PIIM Marsellle
ImpaCt apprOleathn Weizmann Institute of Science, Israel;

Quasitatic approximation Vallaloid Spain .34
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Examples
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Positive streamers in liquid nitrogen |

Streamers in chlorinated alkane

and alkene liquids

Corona discharge in Helium 300 K

Cold helium jet

Corona discharge in Helium 4 K

Approximation quasi static

vdw

Unified theory | Ab initio potential

Quantum treatment | Stark

2 T model

* 35



Positive filamentary streamers in liquid nitrogen FE3EE

0,4/1400s Two aistinct_phases

] R ) Streak photograph
100-200 mA _ of filamentary
80mm, 102kV

streamer propagating up
The streamer propaM

to plane
Streamer reaches the plane
Weak emltted ||ght v Insulating plane

Re-illumination

- g Intense emitted light
~100 streamers T A N T e

1 streamer

.. Charge (1uC/div):

. Voltage (SOkM/div):

 imaaE
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Experimental Results
Light emitted by one positive

Re-illumination streamer in LN,, when it stops
ight integration area on the insulating plane

:‘ﬁ

Intense NI Atomic line
(3s*P-3p*SP and 3s*P-3p*P transition)

1.2us

Insulating plane

»

| | > 1 . .
. | time No N, emission
- Toreakdown

When one positive streamer stops on the insulating plane,
a large current pulse and a bright emitted light are recorded at t,



Positive filamentary streamers in liquid nitrogen

Re-illumination

Normalized Intensity a.u.

Propagation velocity : 10-30 km/s

1,0 -

0,8

|| —— T, =86 psv=9,3km/s

— T, =2.6 ps v=30km/s
— Tb = 6.4 us v=12,4km/s

0,6

0,4 -

0,2

|
f Xl
0,0 RO Mo Aapar v

Aile rouge

735

Broadening of Atomic
line of NI (3s*P-3p*P)



Positive filamentary streamers in liquid nitrogen Pz

Intensity a.u.

-
o

o
™
1

o
[}

o
~

o
N

o
[=}

Quasi static approximation

simulated spectrum
experimental spectrum

N.~1,5x10% m3

~ N ~6x10% m

77 —m— electronic density 17
I —e— neutral density I
6 - 16
[ ]
T T T T T T T T T T 1 1
735 740 745 750 755 . 54 45 “?E
A (nm) vE - - ﬁo
2 41 . 14 =
z |3
N i [
c 3 1 3 9
T ©
S 2- 2 3
o 1 \ ° ° 41
B — |
E \./. E
0 1 0
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Positive filamentary streamers G2€La
In liquid nitrogen

hgh; integration area

‘:I

1.2us

Insulating plane

2000 K- 3000 K

Internal Pressure of the gas ~200 B V=30 km/s
Internal Pressure of the gas ~30 B V=10 km/s

N,=0,5-1,5 102 m'3



Streamers in chlorinated alkane and
alkene liquids

Grenoble Génie Electrique
, Grenoble Electrical Engineering

rel. intensity

-t
L]

(a) (0-0)
08
06 CZ
L (1-1) |
02 (2-\2)#,//\/
0 T

495

arb. uniis

arb. units

| o
m 1
Jo AN
[\,
04} i i
02} fv,"J \\\‘V%w ‘!E”
o MW{»‘W" kia }\WV* — -Jﬂ‘q
24 726 8 0 732
1F )Aﬁ*}l T T T (ev)<
08 y '1*}
06 | K’ M\" 1
04t ) Wi
/ i)
fk{l ’ len
v ‘ ,,fl J@iﬂg lvlhl A—‘} N\
5 P'y ',v&o-\ }.rj \‘ m } ]

724 726 728 73C' 732

T, = 3000-4000 K
P = 86-136 bar
N.=4-8 102 m3

725,6 nm

20-30 km/s

.41



Optical Emission from Helium Cryoplasma P

Discharge in dense fluids (liquids or high-pressure gases :1-100 bar)

V ~kV DC, | ~ 0,1-50pA
P=0,1-100mW,

Corona-discharge

gap distance~5-8 mm

Rip ~ 0,1-2um
Gas — liquid
T N
Temperature: 300 K . 4.2 K
Density N: 2 101° cm3 2 10%2 cm3
Goal:

Determine N ,T,, T, N,

* 42



Code comparison code workshops L€

http://plasma-gate.weizmann.ac.il/slsp

The 4th Spectral Line Shapes in Plasmas code comparison workshop— Baden —
March 20th to 24th, 2017

Corona discharge in helium 300 K

1 . O f_| e I Trrryrrina %l LILE L Trrrprred I rrrrprred I |5:‘|.::l| | rrrT I rrnry I ey I I |_|-_
C e L “»'j_: ]
C s tﬁ_‘\& 3
r +|°- £ :1 \{1} E
0.8.__ 7 : ..?#,IU.'. saseet 5.0 bars
: %"&é«w 4 +I % ’ -'fb‘*‘q'% + Bol ]

0.6 ww_,.,/ WWU/‘,/ “'\-om4 0 bars

0.4F 7 =N el m 3.0 bars

§
o

Peak normalzed Intensity

0.2F:

484 488 492 496

Wavelength (nm) "



Comparison of the FWHM of the H-£ Line

Intensity

1.0-||II|II||
- O Exp. data: 1 bar

Lo\

0.8f

0.6

TFTTTTT || TTTTTT I_]:
LSNS  \3
PPP (n°1)

e PPP (n°2)

—— PPP_GC 7
QC_FCM
--- ZEST

1 bar /

300 K

Intensity

2054 2056 2 058x10"

Wavenumber (ch)

1.0F

| I | I I I | I ¥ I | I I | | ] I I
©  Exp. data: 5 bars

PPP (n°1
- PPP (n°2)
QC_FFM

i T SRR I
2.052

[ RN L
2056 2.060 , 2 064x10"

Wavenumber (cm )




H-B Line in a Corona Helium G2€.%
p Hectrcal Engineering

Plasma: A Multi-Code
Line Shape Comparison

Table 3. The electron densities (in units of 1015 cm—3) as inferred from the fit of the experimental H-[3
spectra by the contributing codes. P is the pressure in units of bars.

Case n° P LSNS  PPP(n°1) PPP(®n°2) PPP GC QC FFM ZEST
1 1 —05 015 0.26 0.18 08 —— T2-
2 15 1.1 0.3 0.58 0.38 2.2 2.7
3 2 - 0.55 1.0 13 47 i
4 3 - 0.9 2.0 - 10.0 -
5 4 - 13 28 i 15.0 i

RR Sheeba, M Koubiti, N Bonifaci, F Gilleron, C Mossé... -
Atoms 2018, 6(2), 29; https://doi.org/10.3390/atoms6020029
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https://doi.org/10.3390/atoms6020029

Broadening of the Neutral Hellum 492 nm G2E€ b
y 4 Granobi Elstrcal Engineerig

Line in a Corona Discharge:
Code Comparisons

1.5 bar 300 K

I
10000 o Expt. data ]
He 1492 nm [\ — e
i ; g' — ZEST
RR Sheeba, M Koubiti, N

8000 Bonifaci, F Gilleron, JC
T;f Pain... -
e Atoms 2018, 6(2), 19;
~;—"; doi:10.3390/atoms6020019
,='- 6000

4000

20%% 280 I 2[]2| 90 I 2[]3|.[][] I Eﬂ_l"- 10 I EU_“ls 20 I Iﬂ_l"ﬁ[} I 20340

wiem')
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http://dx.doi.org/10.3390/atoms6020019

A New Procedure to Determine the Plasma GZELab

Parameters from a Genetic Algorithm Coupled with &
the Spectral Line-Shape Code PPP

Table 5. Results of the fitting GA analysis of the H-p line. n,: electron density; T,: electron temperature;
AAypw: van der Waals width; A);,.: Gaussian width.

Pressure (bar) / fe (.;m—\ Te (10* K) Adypyw (nm) AAips (nm)
HB 1 10M 1.23 7.2 x 1072 8.0 x 1072
2 8 x 10 1.17 15.2 x 1072 8.0 x 1072
3 1.85 x 1015 1.21 24.2 % 102 8.0 x 102
2 Table 6. Results of the )itting GA analysis of the He 1 492 nm line.
Pressure lfb:lr} ne (cm™ Te (10* K) AAypw (nm) AXips (nm)
1015 1.21 2.93 x 102 8.0 x 102
492 nm 3.96 x 1015 1.16 5.82 x 1072 8.0 x 102
8 x 103 1.16 9.7 x 1073 8.0 x 1072

. 47
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Electron number density : N,

Computer simulation method P= 1 Bar 2o
Pl
124 - experimental spectrum _
adjustment, N, = 10" om’ 6 o experlmental spectrum . .
W 10- adjustment, N_=1.8x10 " cm
= A
=] = ]
E' 0.8 - S 4
= :
o 06l 8 .. He 1 492 nm
_r:u' : g ‘ - P =1 bar
O 0.4 5
e g
- 02- 2
0.0 —
T T T T T T T T T T T T
0.4 02 0.0 0.2 04 492 493
AL (nm) A (nm)

T.= 104K

Line Shape Modeling for the Diagnostic of the Electron Density in a Corona Discharge

J Rosato, N Bonifaci, Z Li, R Stamm - Atoms, 2017 * 48
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Neutral Perturbers Density : N,

300K (P) 706 nm (35-3P)

Fourier Transform of the dipole

1.0 autocorrelation function

—— P =10 bar
08 —P=16bar T=300K (N8, (5))
[ P =24 bar ¢(T):e ¢
§_ 06 — P =32bar Main line
cec s P = 39 bar disappears
g —— P =59 bar
s 0.4-
C
Qo
= Blue satellite /\

M W d=oo[R(s)] — deer [R(0)]]

696 698 700 702 704 706 708 710 712 714
A(nm) « 49
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Neutral Perturbers Density : N,

He*_He Potential Comparison between experiment and theory
o—_ 16 Bar
Ayl ' Maximum _ R
100 wssf- II| '1II —H,-. B -
) Aq ]
Té 0 ’ 1.4l _— III !lll J/ __
| I| N i
= | R"x_ :
303 zl 5 6 % 9 10 11 1 W Eﬂé?nl-l)
R(AY
— 20 3
Npe,=3.8 107 cm

N ALLARD, et al EPL 88 (2009) 53002

Results for He line 706 nm (3S-3P)
N ALLARD, et al EPJ D 61 (2011) 365-372

at 300 K $o0



Neutral Perturbers Density : N,

Grenoble Génie Electrique
, Grenoble Electrical Engineering

300 K (P)
706 nm

240 T T T | T T T | T T T
- )]
* experiments
200 — G_@ umified ]
= = = gsemi-classical e
..... quantum Unified Theory
A
160 |— \ —
s Width *
2 Iat *
20 — % —
o T T
40 Yy o T _
0(;.:» | | | 1 | | | |
2.0x10%° 4.0x10°° 6.0x10°° 8.0x10 1.0x10° 1.2x1(
n,, (cm_a)
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0.

Comparison between experiment and theory

3% Experiments
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» = = quantum

semi-classical
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.
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.
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Discrepancy observed at high pressures
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Cold helium jet excited G2E€ Lab
- = , Grenoble Electrical Enginaering
by electrical discharges

2T simulation
=l 1°,341 1 1,20 TrL:4 Kk
; 06 |- TrHZZO K
) y-line

0, W

762 763 764 774 775 776 777 791 792 793 794
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E

INEVES Iexp(—m)-l-R(TL)eXp( k%{)]
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Cold helium jet excited GZELab

m:, e Electrique
Gr llb/l eal Engin

by electrical discharges
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™,

Cold helium jet excited by electrical discharges Ggg{:ﬁ'!?

I I O el il

O atom 12.5
[Nz]/[He] = 1/10000 O atom 70 36 23
N,(1*, 2-0) PGOPHER 42+10.5 30=£7.5 18+4.5
N,(1*, 2-0) 2-T* 20-100 18-70 >
[N,]1/[He] = 1/400 N,(1*, 2-0) 2-T 4-20
N,(1*, 2-0) PGOPHER 13.2+2
Ny(1*, 3-1) 2-T 4-25
N,(1*, 3-1) PGOPHER 14+2.1
[N,]1/[He] = 1/200 N,(IRA, 8-3) PGOPHER 33+6.6 10.5%+2.1
N,(1*, 2-0) PGOPHER 67+6.7 39+3.9 13.6+1.4

N,(1+, 2-0) 2-T 30-120 14-60 5-20

R E Boltnev et al Plasma Sources Sci. Technol.2021
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Interaction
Physical classification

Potentiel ab initio

Stark (literature)
Code MOLPRO

Van der Waals (-Cg/r®)
Resonant (+-C,/r3)

Spectral line Profile

_ _ Weizmann Institute of Science, Israel;
Impact approximation Vallaloid Spain
QuaSItatIC apprOXI matlon Spectral Line Shapes in Plasmas code

comparison workshop .55


http://www.molpro.net/
http://www.molpro.net/

Grenoble Eleutrical Engineering

Thank you for your attention Latia
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Neutral Perturbers Density : N,

4.2 K

706 nm

1.0
— P=10bar — P=0.1MPa
l ——p= ar T=300K
O . —— P=0.6MPa
=R B 1 ] Strongly —— P=1.6MPa
E 12- ——— P=3.5MPa
Lo- Blue shifted
0.0 m)@, N s 0,8- — Symr_netncal_
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A(nm) .é 0,6 -
= 0,4 - !
QZL
OJJ;
-0,2 T T T T T T T T T T T T T T

685 690 695 700 705 710 715 720

A (nm)
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; G2E€Lat
Interpretation ? 4. st

T=4.2K

—— P=0.1MPa
P=0.6MPa 4
—— P=1.4MPa
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Rotational temperature measurements

T T T T T T T T T T 104 Hﬁn#:lzz?olr( IT='4'2IK; P=0I.1MF':;
=4.2K f ience
199 p=0.1MPa H + 3 1 o i
T dgzu -b Hg i EUG
2 L D1y +_R1
08 - (639,6nm) 7 %, 11 D2, "-B1,
Trot_800 K i 02
2 06+ "
2 \ 0.0+
@ |
g 04 \ i 652 656 séomm} 664 668 672
l Strongly Blue Shifted
0,2 41 oA < .
T=4.2K . —— P=0.1MPa
8 - ~ P=0.6MPa .
0,0 = — P=1.4MPa
630 635 640 645 650 655 5 LIQUIDE
A (nm) _
é 0.4 -

0.2

No boltzmann distribution |
High degree of rotational excitation N BN

T T T T T i T ) T
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He* He,* Rydberg electron

Interpretation:

Microscopic void around t)
the He*3s and He,*3d

Repulsion between Rydberg e- and
surrounding atoms in the ground
state forms bubble

* 60



New autocorrelation function GZ2E€ L0

with « bath » interaction

Atomijc bubble

|AVf t/h IE

Difference pair potentlal

between the states

corresponding  to  the Liquid density in the electronic ground state
emission line around 3s calculated using Bosonic Density

Molpro code Functional Theory DFT

*61



GZE Lab

Liquid density around He*(3s3S)

quwd denS|ty around 3538 calculated using DFT

03 I I J I I 1
1 35bar Phys. Rev. A 85 042706 (2012).
1 : \xu-d e » _
vUld ﬂ.;. O-8-5
A ND = o - -~
L e lbar _
ool |l / Bubble Radius (R},)
- RS ! — P=01MPa .
-t r [ |cep=osMe depends on applied
oorE || [ E=E=isME pressure (P).
ooosk | *' ‘,.o"l -
|..
.:-H_&’ -:r—"'f/ | 1 | 1 | L
20 30 40 50 6
SS R (Angs)

Empty cavity around excited atom (emitter) .62
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706.5 nm He* line (35-3P)

Experimental (continuous) vs

theoretical (dashed) the line position is extremely sensitive
- “ to the He*(3s) - He pair potential
1.0 - | Line shift
300 T T T T
4:_5 0.8 7 250 | -
k= 200t DFT .a-' -
‘s I Pl
E 150 F bl, b2 H * *
._,# Tk ko
100 | f;_’“fn P % .
50 | et B -
P a
; A
0 1 2 3
P (kAPa)

Wavelength (nm)



Electron number density : N,

300 K (P) 150 K 11 K 4.2 K(P)

— e ———————>

Ho : 656 nm Y
Hp : 486 nm He 492 nm
He | : 492 nm 300 K
195000 -
: ®emD)|  o1g 1sdp 'P" isad 'D 1sar '
=008 Hp —  P=0.17 MFa | 190000 - ! ! 7
—P=0 277 MPa
EQDO — P=0.427 MP
a0 § 185000 - -
- -*-:|:|:|- - LR0000 |- i 4'{’2,{1@ nm ]
2 2000 Forbidden line ey
= | 175000 , : /492 s
5 1S4f'152p 491.08 nm i y 492.06 nm
E zooo
\ 170000 - s2p 1P i
1000
165000 L .
0 4
- 64
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Historical development

Impact approximation Phase shift Quasistatic approximation
Weisskopf (1932), Lindholm (1941), Foley (1946) Holtsmark (1919), Kuhn and Margenau (1937),
dn AV (r
C()(t)ZC() + — = - + ()
o dt :

Line shape formalism based on the Fourier
transform of the autocorrelation function

P(w) = iRe +j)o¢(2')exp[icc)2'}jr o(7) = Tei(”(t)_”(t_f))dt

7T

Autocorrelation function (wave train)
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The width of the Voigt profile AA.is approximated by
equation where AA.and AA.are the Gaussian and
Lorentzian FWHMSs, respectively

ﬂ/:I',L ' Iﬂrjhlf_

AA ~——+ + ALA
V \I 1
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Positive filamentary streamers in liquid nitrogen Rep={a#
, Greno Electrcal Engiroening
Re-illumination

N, (2.6ps) > N, (8.6ps) ?

Photodiode

. streamer channel radius

»

Expansion of gaseous filament P Gournay and O Lesaint 1994
- - h |
R=124 um Collapse of gaseous filament |
Rm=130um - .+ |c
R=78um | —e{
b * %
Tb=2.6 13 Th=8.6 ps Time NI S

21pus

P
<«

v

T, " The plasma column has expanded Ny ™\
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Neutral Perturbers Density : N,

Unified semiclassical theory 4.2 K
1 | | | |
| | | 706 Nnm
— Exp 23MPa T=42K
—- 0, =6x10" T=40K []
05 —- n,=95x10" T=30K ||
e 05
=)
culations
0.25
0
100 400
. 68

Allard, N. F. 2012, J. Phys. Conf. Ser., 397, 012065



