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Dissociative recombination of NS* in collision with low-energy electrons

Introduction

« Discovery of nitrogen sulfide (NS) in the early years of radio-astronomy in
molecular interstellar clouds, dense cores, comets (Gotlieb et al, 1975),
(McGonagle et al, 1997), (Hily-Blant, Pineau Des Foréts, Faure, Lique, 2022),
(Irvine et al, 2000).

Hassaine-PCMI2024-Bordeaux 4



Dissociative recombination of NS* in collision with low-energy electrons

Introduction

« Discovery of nitrogen sulfide (NS) in the early years of radio-astronomy in
molecular interstellar clouds, dense cores, comets (Gotlieb et al, 1975),
(McGonagle et al, 1997), (Hily-Blant, Pineau Des Foréts, Faure, Lique, 2022),
(Irvine et al, 2000).

« Recent discovery of the nitrogen sulfide cation (NS+) thanks to laboratory
spectroscopy (Cernicharo, Roueff et al, 2018) - ubiquitous from molecular and
pre-stellar cores to photon dominated regions (Riviere-Marichalar, Pety, Gratier,
Roueff, Loison, Wakelam, Gérin et al, 2019).
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Introduction

« Discovery of nitrogen sulfide (NS) in the early years of radio-astronomy in
molecular interstellar clouds, dense cores, comets (Gotlieb et al, 1975),
(McGonagle et al, 1997), (Hily-Blant, Pineau Des Foréts, Faure, Lique, 2022),
(Irvine et al, 2000).

« Recent discovery of the nitrogen sulfide cation (NS+) thanks to laboratory
spectroscopy (Cernicharo, Roueff et al, 2018) - ubiquitous from molecular and
pre-stellar cores to photon dominated regions (Riviere-Marichalar, Pety, Gratier,
Roueff, Loison, Wakelam, Gérin et al, 2019).

 Dissociative Recombination (DR) - likely the most important pathway for the
destruction of NS*: e~ + NS* (vi') > N+5*
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Introduction

« Discovery of nitrogen sulfide (NS) in the early years of radio-astronomy in
molecular interstellar clouds, dense cores, comets (Gotlieb et al, 1975),
(McGonagle et al, 1997), (Hily-Blant, Pineau Des Foréts, Faure, Lique, 2022),
(Irvine et al, 2000).

 Recent discovery of the nitrogen sulfide cation (NS+) thanks to laboratory
spectroscopy (Cernicharo, Roueff et al, 2018) - ubiquitous from molecular and
pre-stellar cores to photon dominated regions (Riviere-Marichalar, Pety, Gratier,
Roueff, Loison, Wakelam, Gérin et al, 2019).

 Dissociative Recombination (DR) - likely the most important pathway for the
destruction of NS*: e~ + NS (vi') > N+S*

» Need for cross sections (XS) and rate coefficients (RC) for the
dissociative recombination of NS+ to describe aforementioned media.
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Introduction - Dissociative recombination mechanisms
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Figure. 1 (from Little, 2015): Mechanisms of DR. (A) the direct mechanism, (B) the indirect mechanism
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2) Theory & Results
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Dissociative recombination of NS* in collision with low-energy electrons

Theory - Production of molecular structure data through R-matrix theory

1): Solving Schrédinger equation in the inner region of R-matrix sphere:

(»Uf(rlo'l’---’rNo'N <> Hnsg (@) =E)yw)

(N+1) electron position and spin Internuclear distance Energy of the target

R-matrix sphere

Outer
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Dissociative recombination of NS* in collision with low-energy electrons

Theory - Production of molecular structure data through R-matrix theory

2) Characterisation of resonant states, i.e. energy + autoionization widths

- Energy (real part) and autoionization width: FE ‘j@'b —_ icg\‘

Energy of Feshbach resonances Width

- Electronic coupling with ionization continuum: v = o
T

R-matrix sphere

Outer
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Dissociative recombination of NS* in collision with low-energy electrons

Results - Production of molecular structure data: Potential energy curves
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Figure. 2: NS+ and NS relevant extrapolated molecular structure data set used in the nuclear dynamics
calculations (Hassaine et a/, 2024).
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Results - Production of molecular structure data: autoionization widths
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Figure. 3: Resonance widths as a function of internuclear distance for 2=+, 21 and 2A symmetries of NS
(Tacob et al, 2022).
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Theory - Fragmentation dynamics : ionisation et dissociation

Vibrational wavefunction of

Step-wise MQDT ey

1) Construction of the interaction matrix: V} ;. (E,E) = xé‘j|1/;£(:’)f\|xv+)
1 Vibrational
2) Construction of the reaction matrix: K=V+V—XFK wavefunction
E — H, of the ION
- e - . 1
3) Diagonalization of the reaction matrix: KU|=|—— tan(n U/, Eigenvalues
i

Eigenvectors \ - N
Chr' Aa = Z Ufl:,ct(x'v' (R)l COS( Tn’a)lxv(R)}
4) Frame transformation to the external region: v

_77A V.Y
Ccl,-,Au - U(l]a cosn,

Quantum defect

Hassaine-PCMI2024-Bordeaux 16



Dissociative recombination of NS* in collision with low-energy electrons

Theory - Fragmentation dynamics : ionization et dissociation

5) Construction of the generalized scattering x _— Cti X = (X"" X"“)

matrix: C—is Xeo Xee
1
S = Xoo - Xuc N XCD
.. . X .o —exp(—i2nrv)
6) Elimination of closed channels: 12—
(physical matrix) vyt = [2(Ey+ — E)] Indirect

process
sym, A

7
. . _ sym,\ A 2
. = ==/
7) Cross sections evaluation Jdiss«—vj lz ‘de,lvﬂ
J

Incident electron energy

. . . 2 [/ 2 +og
8) Rate coefficients evaluation: k(T) = T ﬂkaT/ exp(—s/k:BT) de
0

Cross section
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Dissociative recombination of NS* in collision with low-energy electrons

Results - Dissociative recombination of NS+ : Cross sections
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Figure. 4: Dissociative recombination cross section of NS*(vit = 0), for the 2N molecular symmetry of NS
(Hassaine et al, 2024).
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Results - Dissociative recombination of NS+ : Rate coefficients
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Figure. 5: Rate coefficients for dissociative recombination of NS*(vi* = 0) (Hassaine et aj, 2024).
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Dissociative recombination of NS* in collision with low-energy electrons

Results - Dissociative recombination of NS+ : Fitting

Fit formula —»| o(7) = 4y

\(

T

300

)"“\

Very good RMS with a two-parameter fit

+

Model Temperature (K) v; ag (cm3s 1) | a | RMS

M(*TI) +M(25T) 10 T <33 0 1.426x107% —0.963 555 0.0058
33<T<78 2.3193x1078 —0.741244 0.0127
78< T < 1000 3.48726x1073 —0.43795 0.0075

M(*TT) +M(22T) 10< T < 31 1 1.00126 x10~7 —0.509 637 0.0089
31 < T < 160 122272 x 107’ —0.420919 0.0025
160 < T < 1000 132716 x10~7 —0.280971 0.0057

Tab. 1: Fitting parameters corresponding to rate coefficients for DR on NS+ (Hassaine et a/, 2024).
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Results - Dissociative recombination of NS+ : Rate coefficients
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Figure. 6: DR rate coefficients of NS*(vi* = 0) (in black) and NO*(vit = 0) (in red) compared with
those existing in KIDA database (Hassaine et a/, 2024), (Schneider et a/, 2000), (Motapon et aj, 2006),
(Wakelam, Faure, Talbi, Tennyson et a/, 2012).
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3) Conclusions
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Conclusions

« First estimation of rate coefficients for the dissociative recombination of
NS+ with low-energy electrons (Hassaine et al, 2024).
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Conclusions

« First estimation of rate coefficients for the dissociative recombination of
NS+ with low-energy electrons (Hassaine et al, 2024).

» DR: effective process
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Dissociative recombination of NS* in collision with low-energy electrons

Conclusions

« First estimation of rate coefficients for the dissociative recombination of
NS+ with low-energy electrons (Hassaine et al, 2024).

» DR: effective process
» Important role of the Rydberg resonances in the XS and RC.
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4) Perspectives
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Dissociative recombination of NS* in collision with low-energy electrons

Perspectives

 Improvements needed for NS* DR:
- resolution of autoionization width
- considering the rotational effects
- considering the role of core-excited states of the ion
(multiply-excited Rydberg states).
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Dissociative recombination of NS* in collision with low-energy electrons

Perspectives

 Improvements needed for NS* DR:
- resolution of autoionization width
- considering the rotational effects
- considering the role of the excited states of the ion
(core-excited Rydberg states).

« Studies on other systems of astrophysical interest...
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Perspectives - other systems

Theoretical study of the excited states of NeH and of their non-adiabiatic

couplings
IR. Hassaine,’ D. Talbi,” R P. Brady,® J. Zs. Mezei,"* J. Tennyson,'3 and I. F. Schneider"®
1LOMC CNRS-UMRG294, Université le Havre Normandie, F-76058 Le Havre, France
1.UPM CNRS-UMRS299, Université de Montpellier, F-34095 Monipellier, France
3Department of Physics and Astronomy, University College London, WCIE 68T London,
UK

YDHUN-REN Institute for Nuclear Research (ATOMKI), H-4001 Debrecen, Hungary
SILAC CNRS-UMR9138, Université Paris-Saclay, F-91405 Orsay, France

(*Electronic mail: ioan.schneider @univ-lehavre.fr) ArtiCle in preparation ®
(*Electronic mail: mezei.zsolt@atomki.hu)
(*Electronic mail: dahbia.talbi@umontpellier.fr) \

AN

? NeH* inISM ?
Future discove

- NeH* (XS and RC production for dissociative recombination at low energy)

- H2* and HD* (XS and RC production for DR, Rovibrational Excitation & DE)

- He,* (XS and RC production for DR)
-N2H* (and, soon, NH*, NH,*, HCO"...)

Hassaine-PCMI2024-Bordeaux
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Additional material
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Figure 3. NS I, bound states: left panel PECs. Right panel effective principal quantum numbers. Bound states belong to series that
converge to X' =" symmetry of ion. The partial wave characterizing the Rydberg 7-wave electron is indicated using colours: green p-wave,
blue d-wave.
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Study of bound and resonant states
of NS molecule in the R-matrix approach
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Figure 6. NS *II symmetry resonances curves (left panel) and effective principal quantum numbers (right panel) for some specific curves of

special interest for DR.
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Additional material
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Figure 2. Relevant molecular data sets used in the nuclear
dynamics calculations. In the top row, the thick red solid curves
(Dy) stand for the PEC of NS** 125+ (left panel) and 11T (right
panel), while the thick blue solid curve (D») represents NS ** 2271
state. The middle row displays the electronic couplings between
these dissociative states and the ionization continuum. The quantum
defects p characterizing the Rydberg series of dominant partial
waves s, p, and d are shown in the bottom row.
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Additional material
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Additional material
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Figure 5. Rate coefficients for dissociative recombination of NS™
cation from its lowest two vibrational levels and uncertainties due to
the use of different partial waves for the incident electrons. Curves
give the partial wave contributions for the incident electron. ‘M’
denotes mixed partial waves ((1/2) x p + (1/2) x d for Il states
and (1/3) x s+ (1/3) x p+(1/3) x d for 2X* states). The lower
limit of the grey band stands for the minimum rate coefficient as a
function of temperature while its upper limit stands for the
maximum rate coefficient as a function of temperature.
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Additional material
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Figure 6. Potential energy curves of the NS*/NS (left figure) and NO/NO molecular (right figure) systems relevant for low energy
dissociative recombination compiled from [17] and [24] respectively. The solid curves stand for NS while the dashed ones for NO. The
black curves show the ground electronic state of the target, while in red and blue we present the most important dissociative molecular states

with IT symmetry. Reproduced from [17]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0. Reproduced from [24]. © IOP
Publishing Ltd. All rights reserved.
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Dissociative recombination of NS* in collision with low-energy electrons

Additional material

No interaction +——— H0|¢5) = E“f’)
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colliding systems
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Schwinger
formulation
and solutions
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Possible questions:

- Slide 7: Products of the dissociation: N+S* : why S in an excited state and Nitrogen in its
ground state? Explain in a few words

- Slide 12:

- Slide 13:

- Slide 16

- Slide 16:

- Slide 16:

- Slide 16:

- Slide 17:

- Slide 21:

Physical meaning of autoionization widths: explain in a few words

Why diabatic representation? explain in a few words

: Lippman-Schwinger equation: explain in a few words

Eta (shift) in the 3rd point - 3): explain in a few words

Physical meaning of the quantum defect: explain in a few words
Frame transformation: explain in a few words

Elimination of closed channels: explain in a few words

why the comparison with NO+ system? Explain in a few words



Answers:

- Slide 7: Sulfur has a lower excitation energy and ionization potential than Nitrogen ( resp.
2.1eV-10.4eVand 2.4 eV - 14.6 eV)

- Slide 12: rates at which an electron in a quasi-bound state transitions to an unbound,
ionized state

- Slide 13: In the adiabatic representation, the natural coupling is the non-adiabatic coupling.
In the case where PECs of neutral and ion exhibit avoided crossings, since the NACs are
inversely proportional to the energy diference between the PECs, these couplings are
infinite and non-physical. In the context of quasi-diabatic representation, avoided crossing
rule is not required, and one can obtain physical couplings.

- Slide 16: Second-order perturbative solution of the Lippmann-Schwinger integral equation
- Slide 16: Shift of the total eigenfunction in the asymptotical region
- Slide 16: Basically it is a correction. This is the measure of how much energy levels of the

Rydberg electron in an atom/molecule deviates from the expected values of a simple
hydrogen-like model



Answers:

- Slide 16: In the external region, the incoming Rydberg electron is following the movement
of nuclei, and has only a fraction of the kinetic energy it exhibits when accelerated by the
coulomb potential in the short-range region. As a consequence, the Born-Oppenheimer
approximation is not valid in the external region. The Frame transformation consists in
projecting the molecular eigenstates of the short-range interactions region (where B.O approx.
is ok) on the eigenstates in the external region, in order to ensure the continuity of the
solutions in the region.

- Slide 17: In order to take into account reactive collision processes, it is necessary to
eliminate closed channels in the diffusion matrix to calculate the probabilities of reaction
corresponding to the process studied.

- Slide 21: NO+ has a similar electronic configuration as NS+/same number of valence
electrons. To remember in case of:
Atomic number of Nitrogen: 7
Atomic number of Sulfur: 16
Atomic number of Oxygen: 8



