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Vibrational kinetics of electronically
excited states in H, discharges

Colonna et al., Eur. Phys. J. D (2017)

The evolution of atmospheric pressure hydrogen plasma
under the action of repetitively ns electrical pulse




Input data

E_/N =200 7d,

Pulse = 20 ns;

Gas temperature = 1000 K
Gas pressure = 1 bar.
Molar fractions:

/Ye :/YH+ :10_10
Xy, =2007



H,/H STATE-TO-STATE KINETICS |

Ground state vibrational kinetics

Ground state vibrational kinetics

HQ(U) + Hg(w — 1)
Hs(v) + Ha(w)
HQ(U) —+ H

Ha(v) + Ha

Hy(v) + H(n =1)
Hz(v) + H(n = 2)

Atomic level kinetics

Ho(v — 1) + Ha(w) H(m) +H(n =1) H(m') + H(n = 1)
Ho(v — 1) + Ha(w) H(m) +H(n =1) HY +e” +H(n=1)
Hy(v — Av)+H H(m) 4+ e~ H(m') + e~

2H + Ho
3H(n =1)
3H(n =1)

H(m) + e~ HY + 2~
H(m) H(m') + hv
Ht +e- H(m) + hv

Hy(w) + e~
HJ + 2e~

H" +H(n=1)+2e"
Ho(b, e ) +e” =Hn=1)+H(n=1)+e"
Ho(!Y*)+ e =H(n=1)+H(n=2,3,4) + e~

H(m')+H(n=1)
H"+Hn=1)+e"
2H + 2e~

H+ Hy



H,/H STATE-TO-STATE KINETICS ]

Updated model

Singlets vibrational kinetics 'S":B,B’, B”
ly* — 8

Ho (XX 5, 0") + e Ho (Y™, 0") + e~ n :C, D, D
Ho (X'SF,0") + h ¢

Hy(X'YF,e) + hv — 2H(n = 1)
H2(1Y*,’U 2H(7’L - 1) —+ HQ/H

Triplets kinetics

e + Hz(XlZ;, ’U) e~ + Hs ((1/32;_>

‘ Ho (03X ) +hv — 2H(n = 1)
HQ((J/SE;]'_) —+ HQ/H HQ(CSH“) -+ HQ/H
Hg((?gﬂu) —+ HQ/H 2H + HQ/H

Negative lons kinetics H? cation kinetics

HT 4+ 2Hy(v" = 0)
HS + Ho(v” = 0) Hy +H(n=1)
e” + HJ e” +H" +2H(n =1)
Hy +H™ + hv
Hy(v =0) +H(n =1)
3H(n =1)

e~ + Hy(X15F,0") H™ +H
+ H™ _|_H—|—
H(n=1)+H(n > 1)
Ho(v" =0) + H(n =1)
Ho (0" = 0) + Hao(v" = 0)

The European Physical Journal D (2017), Vibrational kinetics of electronically excited states in H, discharges
Colonna, G., Pietanza, L. D., D’Ammando, G., Celiberto, R., Capitelli, M., & Laricchiuta, A.
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v/ state-to-state

v radiative processes

: : I+ I+ 1
v/ energy profile cross section H,(X 2, ,v)te - H,(B'2,,C'T1,v)
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BEf scaling

/ state-to-state 00 - Tanaka et al. Reviews of Modern Physics (2016)
Kim, ] Chem Phys (2007)
v radiative processes N CCC approach
M.C. Zammit et al, Physical Review Letters (2016)
v/ energy profile cross sections Ajello et al, Physical Review A (1984)
Wrkich et al,, Journal of Physics B (2002)
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Fast (ns-pulsed) discharges in hydrogen
excited state concentration 10
& singlets vibrational distributions
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Fast (ns-pulsed) discharges in hydrogen
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Fast (ns-pulsed) discharges in hydrogen

hydrogen negative ion concentration
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H/H RESONANT CHARGE EXCHANGE in DEBYE PLASMAS J

Dense plasmas

—-rlAp,
[J = — € A= [kzT J(411,)]"? is the Debye leng

r

H+H - H-+ H

Resonant charge exchange for H-H* in Debye plasmas
A. Laricchiuta, G. Colonna, M. Capitellil, A. Kosarim, and B. M. Smirnov
Eur. Phys. J. D (2017)



H/H RESONANT CHARGE EXCHANGE in DEBYE PLASMAS J
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H/H RESONANT CHARGE EXCHANGE in DEBYE PLASMAS J
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H/H RESONANT CHARGE EXCHANGE in DEBYE PLASMAS J
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Kinetic and divertor modeling

F. Taccogna, P. Minelli, D. Bruno, S. Longo, R. Schneider
Chem. Phys. (2012)




Reduction of the Divertor Region to 1 Dimension

Input data:
(detached divertor plasma condition)

Simulation domain: 1=0.3 mm

- e/H* density: np=1021 m3
- e/H* Temperature : Tp=5 eV
- B=1 Tesla; 6=85 °

Every Particle carries: - species: e, H*, H,*, H; H, HZ(XlZ )
- axial position, velocities: (z, v, vy, v,)

- quantities averaged over x,y (umformlty)

- quantum energy levels: - electronic: n=1s-3s for H

- vibrational: v=0-14 for H,

Collision Methodology: - Plasma-Plasma (e+H,*/H+H*/He)

- Plasma-Neutral

- Neutral-Neutral relaxation (Vt/VT/VV)

Boundary module:
- H,(v) wall relaxation-dissociation

- H wall recombinative desorption (ER/LH) -> H,(v) vibrational excitation (A-V)

- H*/H,*/ wall Auger neutralization -> H,(v) vibrational excitation (s-V)
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Particle-in-Cell / Direct Simulation Monte Carlo Model of
Plasma-Gas Coupling in the Divertor Region (PIC-DSMC)

>
T e, H H,*

Solution of Poisson's
Plasma parameters | __ equation
n,, Vo, T,
pe Vpo lp P, E Plasma source and

ri, Vi, H(n), Hx(v)

l A—> | boundary effects

F, = E + v, xB,

Particle collisions v, Calculation of force
' @ acting on particles
\A

i i Par'hclec*dhsis 7

Integration of particle
Plasma source and : :
motion equations

boundary effects | = _— Gas parame‘rer's
P, Vi n,v, T
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t Ho(X 12, (v=0-14)) ]
<

20



Results: Plasma
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Results: Gas
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Results: MAR processes

production of precursors peaks close to the wall
due to high vibrational excitation H,(v)

rate precursors (H/ HZ*} production
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Motivation

Planet Speed Heat flux Enthalpy Acceleration
(km/s) (kW/cm2) (KJ/cm?2) &)

Jupiter 47.4 30 300 250

Saturn 26.9 1.3 257

Uranus 223 5.1 32.8

Galileo Probe Heat Shield Ablation:
The Most Difficult Atmospheric Entry in the Solar System

BEFORE ENTRY

—= =746 cm

162 Kilograms

Total imtinl mass of Proba:

F35 Kifograms

AFTER ENTRY

70 Kilograms
R Ablated material
Ablation temparatura = 3300° C

Modelling chemical kinetics and convective heating in giant planet entries
P. Reynier, G. D'Ammando, D. Bruno,
Progress in Aerospace Sciences (2018)




The code couples the fluid-dynamics with the kinetic chemistry
(Jupiter atmosphere modeled: H,/He)

Fluid-dynamics iIlpllt data Chemical input data
Flight data, 1.e. probe velocity, gas density, Cross sections for all the processes
gas temperature and pressure as a function included in the model.
of the altitude in the atmosphere. e
Processes
H+e =H +e +e Hy+e =2H+e
He+e =He +e +é H; +e” =H; +2e
H+H=H*+e +H Hy +e” =H+H" +2¢
H+He=H"+¢e +He H; +e =2H" +2e”
H; +He=H+ H+ He Hy +e=H+H" +¢e
H, +Hs =H+H+H, H; +e =2H
H+H=H+H+H H+e =H" +2¢e
H:+H =H+H+H He+e =He™ +2¢e
H:+e =H-+H+e H+H=H-+H" +e
Hi +e=H+H He +~ He = He 4+ He™ 4+ ¢
H, +H, = 2H + H,
H: +H =3H

H; - He = 2H |+ He




75000 [
20000 - 4 T(K) = translational tempe-
] Tv rature along the

i stagnation line at 18
16000 |- :
o | km of altitude;
=
10000 - T, (K) = vibrational tempe-
2 rapture;
s X(m) = distance from the prt
—1 | ] | I | ] | | | BT | | | I | I ] |
0.04 0.03 -0.02 -0.01 0
X[m]

[1] D. Bruno et al., Transport properties of high-temperature Jupiter atmosphere components,
Physics of Plasmas, 17(11) (2010) 112315.

[2] G. Palmer, D. Prabhu, B. A. Cruden, Aeroheating uncertainties in Uranus and Saturn entries by
the Monte Carlo method, Journal of Spacecraft and Rockets, 51(3) (2014) 801-814.



Convective Heat Flux
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Ph. Reynier, G. D'Ammando, D. Bruno, Review: Modelling chemical kinetics and convective
heating in giant planet entries, Progress in Aerospace Sciences 96 (2018) 1-22.



Elementary processes

Heavy particle collisions

Electron-molecule collisions




Collision processes of heavy particles

Inelastic processes
A+BC(v, j) — A+BC(’, )

Reactive processes
A+BC(v,j) —» B+AC(v’, j’), C+AB(v’, j’)

Dissociation
A+BC(v, j) —» A+B+C



Collision processes of heavy particles

Inelastic processes
A+BC(v, j) — A+BC(’, )

Reactive processes
A+BC(v,j) —» B+AC(v’, j’), C+AB(v’, j’)

Dissociation
A+BC(v, j) —» A+B+C

The general philosophy 1s to use approximated methods for
cross section calculations to reduce the computational load
Quasi-classical trajectory method



Relaxation of He+H,

Comparison of QCT with QM Close Coupling calculations
10710 —_—— —— —_——
10

10712 F
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5I
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present work —— 7
Balakrishnan ——

100 1000 10000
temperature (K)
R. Celiberto, M. Capitelli, G. Colonna, G. D’ Ammando, F. Esposito,

R. Janev, V. Laporta, A. Laricchiuta, L. Pietanza, M. Rutigliano, and J. Wadehra, Atoms 5§, 18 (2017).
N. Balakrishnan, M. Vieira, J. Babb, A. Dalgarno, R. Forrey, and S. Lepp, ApJ 524, 1122 (1999).




Reaction of H+HeH*—He+H,*

Comparison of QCT with accurate QM calculations
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. Esposito, C.M. Coppola, and D. De Fazio,
PCA 119, 12615-12626 (2015).



Reaction of H+HeH*—He+H,*

Normalized computational load in QCT and QM calculations
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Electron-molecule collisions

. Resonant collisions

Non-resonant collisions



Dissociative attachment: H + H™

onant collisions =
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onant collisions |
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Dissociative attachment
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Resonant vibrational excitation
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Dissociative excitation
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Dissociative attachment
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Resonant vibrational excitation

1[][][][][] T T IIIIIII 1 T IIIIIII 1 T IIIIIII

le-005

1e-010

le-015

CF(X'Z*v) +e - CF ('1Z%’) - CF(X'Z*v) +e

Rate coefficient (10 cm3%$1)

le-020

1E_[:I25 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
0.1 1 10 100 1000

Temperature (eV)




Dissociative excitation
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CH +e¢e - CH*+€'
X2M(v;) — A Ay, B *Z~(vp) and C 2Z*(v))
(R. Celiberto, R.K. Janev and D. Reiter, 2009)

BeH® +¢ - BeH**+ ¢~
X112t v) — A'Z*(vp, BT (v
(R. Celiberto, R.K. Janev and D. Reiter, 2012)

BeH + ¢~ - BeH* + e~
X 23+ (v)) — AT (v)
(R. Celiberto, K.L. Baluja and R.K. Janev, 2013)

He; + e~ — Hej* - He + He* + e~
X 22 (v)) > A2ZF (repulsive)
(R. Celiberto, K.L. Baluja, R.K. Janev and V. Laporta, 2015)



Potential energy (eV)

Alx*

e +LiH (X1Z*,v) — e + LiH (A'Z*,v) -

LLiH molecule

Partridge & Langhoff, [J. Chem. Phys. (1981)]

Tung et al, [J. Chem. Phys. (2011)]

Trans. dipole moments .
(Partridge & Langhotf)
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Plasma Source
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