
MNRAS 501, 4968–4973 (2021) doi:10.1093/mnras/staa3974
Advance Access publication 2020 December 26

Inelastic processes in copper–hydrogen collisions including fine-structure
effects

Andrey K. Belyaev ,1‹ Svetlana A. Yakovleva1 and Wolfgang P. Kraemer2

1Department of Theoretical Physics and Astronomy, Herzen University, St Petersburg 191186, Russia
2Max-Planck Institute for Astrophysics, Postfach 1371, D-85741 Garching, Germany

Accepted 2020 December 18. Received 2020 December 18; in original form 2020 November 9

ABSTRACT
Inelastic processes in low-energy Cu + H and Cu+ + H− collisions, 306 partial processes in total, are investigated taking fine-
structure effects into account. We use the asymptotic approach to model the adiabatic potentials and adapt a recently proposed
method to include the copper fine structure. The nuclear dynamics is performed by the multichannel analytical approach and the
Landau–Zener model. The rate coefficients are calculated for the temperature range of 1000–10 000 K. The largest rate coefficient
is obtained for the mutual neutralization process Cu+ + H− → Cu(3d105s 2S1/2) + H with a value of 3.81 × 10−8 cm3 s−1 at a
temperature of 6000 K . It is shown that the practice to redistribute LS-coupling rate coefficients among fine-structure sublevels
can give rates that deviate significantly from those calculated in the JJ-coupling scheme, that is with account for the fine-structure
effects.
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1 IN T RO D U C T I O N

Stellar nucleosynthesis rates govern the chemical composition of
our Galaxy. Metal-poor stars are the main objects for studying
the early stages of the chemical evolution. In this context, copper
gains high interest because it is produced by a number of different
nucleosynthesis processes (Bisterzo et al. 2004): the weak s-process
in massive stars (Woosley & Weaver 1995; Limongi & Chieffi 2003;
Pignatari et al. 2010), the explosive nucleosynthesis in Type II
supernovae (SNe II; Timmes, Woosley & Weaver 1995), the main s-
process in low- and intermediate-mass stars from the asymptotic giant
branch (Arlandini et al. 1999), and the explosive nucleosynthesis in
SNe Ia (Matteucci et al. 1993; Iwamoto et al. 1999; Travaglio et al.
2004; Fink et al. 2014).

The majority of studies investigating the copper abundances
were performed using the local thermodynamic equilibrium (LTE)
approximation as modelling scheme and a general finding in these
studies is that the copper to iron ratio decreases with decreasing
iron abundance (Cohen 1980; Sneden, Gratton & Crocker 1991;
Mishenina et al. 2002; Simmerer et al. 2003; Bihain et al. 2004;
Bonifacio, Caffau & Ludwig 2010; Ishigaki, Aoki & Chiba 2013).
In these studies, subordinate lines of copper in the optical range
are usually chosen to determine the abundances. Cohen (1980),
for example, determined the copper abundances in several globular
clusters using the 5782.1 Å line, whereas Sneden et al. (1991)
detected copper abundances for field stars and in globular clusters
with a metallicity deficiency [M/H] between −2.5 and −1 using the
two lines at 5105.5 and 5782.1 Å, and finally Mishenina et al. (2002)
studied 90 metal-poor stars, with [M/H] ranging from −3 to −0.5,
using the lines 5105.5, 5218.2, and 5782.1 Å. All these studies

� E-mail: andrey.k.belyaev@gmail.com

confirmed the general finding that the [Cu/Fe] ratio is decreasing
with decreasing metallicity.

At very low metallicities, the only measurable lines of neutral
copper are the resonant lines at 3247 and 3273 Å. The finding that
within the LTE approximation the copper abundances derived from
the resonant-line-based calculations do not agree with abundances
obtained from the subordinate-line calculations (Bihain et al. 2004;
Bonifacio et al. 2010) was initially explained by the assumption that
the copper resonant lines are influenced by the nNn-lLcal tTermo-
dynamic eEuilibrium (NLTE) effects, whereas copper subordinate
lines are free from these effects (see e.g. Mishenina et al. 2002). In
contrast to this initial assumption, it was later pointed out by Shi
et al. (2014) that the important NLTE mechanism influencing the
Cu I spectra is ultraviolet (UV) superionization and that both the
copper resonant and subordinate lines are substantially influenced
by NLTE effects. This was confirmed by Yan, Shi & Zhao (2015)
studying copper abundances in 64 late-type stars in metal-poor discs
and the halo of the Galaxy observing substantial NLTE effects for
copper, approximately 0.17 dex at metallicity of −1.5. Generally,
NLTE calculations produce increasing copper abundances for metal-
poor stars providing flatter distributions [Cu/H] as a function of
[Fe/H] compared to earlier calculations performed within the LTE
approximation. This conclusion was finally again confirmed by Yan
et al. (2016), who have shown that the NLTE effects are strong for
copper in metal-poor stars.

Copper abundances within a wide metallicity range were studied
by Andrievsky et al. (2018). It was shown there that for a set of stars
with intermediate and large metallicity deficiencies ([Fe/H] between
−4.2 and −1.4) the mean value of [Cu/Fe] is equal to −0.22 dex.
Corrections, however, to this value due to NLTE effects can be an
order of magnitude larger. Recently, Roederer & Barklem (2018)
studied copper abundances for the late-type stars using UV Cu II

lines that are presumably not influenced by NLTE effects. They
showed that the copper abundances for six metal-poor stars (with
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[Fe/H] values ranging from −2.50 to −0.95) obtained from Cu I

and Cu II line observations differ from each other by 0.36 dex on
average (using Cu II lines leads to higher loads as compared to those
computed by using the Cu I lines). Reanalysing the abundances for
these six stars, Korotin, Andrievsky & Zhukova (2018) showed that
inclusion of NLTE effects removes the disagreements between the
abundances obtained from the Cu I and Cu II lines. The fact that
observable Cu I lines for stars with low metallicities are influenced
by NLTE effects requires that an accurate and detailed model atom
needs to be defined for NLTE calculations. According to Shi et al.
(2014) and Andrievsky et al. (2018), two model copper atoms are
used in NLTE calculations. Both studies demonstrated, however,
that for metal-poor stars the copper deficiency with respect to iron
is lower than it was predicted. Actually, the NLTE corrections in the
two models are slightly different: Andrievsky et al. (2018) obtained
higher NLTE corrections compared to those given by the model atom
in Shi et al. (2014). For NLTE calculations, the important processes
are inelastic collisions with electrons and hydrogen. In order to obtain
the rate coefficients in collisions with electrons, detailed quantum
calculations were performed including only transitions between
several low-lying states of copper. For collisions with hydrogen,
both studies used the so-called Drawin formula (Drawin 1968, 1969;
Steenbock & Holweger 1984). However, according to Barklem et al.
(2011), this formula is not reliable and provides data overestimated
by several orders of magnitude for collisional processes associated
with optically allowed transitions in atoms (copper in this case)
and underestimates the rates by several orders of magnitude for the
processes associated with optically forbidden transitions. Attempts
were made to avoid this discrepancy by multiplying the Drawin rates
by arbitrary scaling factors, which does not eliminate the difficulty
(see Barklem et al. 2011).

In order to solve these problems on a reliable basis, full quantum
treatments would be required. However, since treatments on this
accuracy level are rather time consuming, full quantum calculations
of the rate coefficients for inelastic H-collision processes have been
performed so far only for a few collisional systems: Na + H and Na+

+ H− (Belyaev et al. 1999, 2010), Li+ + H− (Croft, Dickinson &
Gadéa 1999a,b), H+ + H− (Stenrup, Larson & Elander 2009), Mg
+ H and Mg+ + H− (Belyaev et al. 2012; Guitou et al. 2015), and
Ca + H and Ca+ + H− (Belyaev et al. 2019b). However, taking into
account that a huge amount of such data is required for the modelling
of stellar atmosphere spectra, approximate but still physically reliable
approaches are needed to provide the missing inelastic H-collision
data (Barklem et al. 2011). For this purpose, several approximate non-
relativistic quantum approaches were recently proposed, including
the asymptotic model (Belyaev 2013; Belyaev, Yakovleva & Barklem
2014), the simplified model (Belyaev & Yakovleva 2017a,b), the mul-
tichannel analytical asymptotic approach (Belyaev 1993; Yakovleva,
Voronov & Belyaev 2016), the branching and hopping probability-
current methods (Belyaev 2013; Belyaev & Voronov 2018), and the
use of atomic orbitals (Barklem 2016, 2017). Comparison of the
H-scattering data obtained from these approximate approaches with
those calculated by the full quantum methods has shown that good
agreement can be achieved especially for cases where the inelastic
processes have large rate coefficients (see e.g. Belyaev & Yakovleva
2017a).

In NLTE modelling schemes of stellar atmosphere spectra, fine-
structure effects are found to be important for many chemical
elements (see e.g. Linsky & Avrett 1970; Bruls, Rutten & Shchukina
1992). However, rate coefficients for collisional processes are usually
calculated without accounting fine structure, so there is the problem
of how to include the fine-structure effects into collisional data. It is

often the practice to solve this problem by redistributing both atomic
and electronic collisional rate coefficients among fine-structure
states. Different ways have been discussed and used, for example, to
somehow redistribute LS rates among fine-structure sublevels such
that the fine-structure levels have populations according to their
statistical weights (see e.g. Kiselman 1993; Amarsi et al. 2018),
or to use equal rate coefficients for transitions between sublevels of
two LS states (e.g. Mashonkina, Shimanskii & Sakhibullin 2000). In
this study, we use another way. We extended the recently proposed
two-electron approach (Belyaev, Voronov & Yakovleva 2019a) for
accounting fine-structure effects in inelastic H-collision processes
to a many-electron case. An application of this scheme to inelastic
copper–hydrogen collisions is reported in this paper.

2 BR I E F T H E O RY O U T L I N E

This study is performed in the framework of the Born–Oppenheimer
formalism by using the quantum model approach (Belyaev 2013;
Belyaev et al. 2014). To take the copper fine structure into account,
the method described in Belyaev et al. (2019a) is adapted for the
case of a many-electron system. The idea of the method is to change
the LS representation to the JJ representation and to calculate an
electronic structure of a quasi-molecule in the JJ representation based
on the electronic structure in the LS representation followed by a non-
adiabatic nuclear dynamical treatment. This involves construction of
the electronic Hamiltonian matrix (both diagonal ionic and covalent
potentials and off-diagonal ionic–covalent couplings) in the diabatic
representation using proper non-relativistic wave functions. The key
point of the method is to express the off-diagonal coupling matrix
elements in the JJ representation via corresponding matrix elements
in the LS representation, the matrix elements that can be determined,
for example, by means of the semi-empirical Olson–Smith–Bauer
formula (Olson, Smith & Bauer 1971).1

The LS representation deals with the non-relativistic electronic
Hamiltonian H nr

e and non-relativistic electronic wave functions
|L, �̃; S MS〉LS (Nikitin & Umanskii 1984):

|L, �̃; S MS〉LS = Â
∑

mL1 ,mL2
mS1 ,mS2

[
L1 L2 L

mL1 mL2 �̃

] [
S1 S2 S

mS1 mS2 MS

]

× |L1 mL1 S1 MS1 〉Cu|L2 mL2 S2 MS2 〉H, (1)

with Â being the antisymmetrization operator and the square brackets⎡
⎣ L1 L2 L

mL1 mL2 ML

⎤
⎦ denoting the Clebsch–Gordan coefficients for angu-

lar momenta addition �L = �L1 + �L2. In copper–hydrogen collisions,
the ionic molecular state Cu+(1S) + H−(1S) has the 1�+ symmetry
and only covalent states Cu(2L) + H(2S) of the same molecular
symmetry are currently treated. The corresponding molecular wave
functions are denoted as |0, 0; 0 0〉LS and |L, 0; 0 0〉LS , respectively.

In the JJ representation, the relativistic electronic wave functions
|j1, j2; J �̃〉JJ are written according to the following rule (Nikitin &
Umanskii 1984):

|j1, j2; J �̃〉JJ = Â
∑

m1,m2

[
j1 j2 J

m1 m2 �̃

]
|j1 m1〉Cu|j2 m2〉H, (2)

1This formula was derived from the information obtained in the LS represen-
tation (see tables I and II in Olson et al. 1971). Moreover, the rate coefficients
calculated by means of this formula agree well with the rates computed by
full quantum methods in the LS representation (see e.g. fig. 1 in Belyaev &
Yakovleva 2017a). We assume the semi-empirical formula yields couplings
in the LS representation.
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Table 1. CuH (k 0+) molecular states (in the JJ representation), the
corresponding scattering channels, their asymptotic energies with respect
to the ground-state level (taken from NIST; Kramida et al. 2018).

k Scattering channels Asymptotic
energies (eV)

1 Cu
(
3d104s 2S1/2

) + H(1s 2S1/2
) 0.0

2 Cu
(
3d94s2 2D5/2

) + H(1s 2S1/2
) 1.388948

3 Cu
(
3d94s2 2D3/2

) + H(1s 2S1/2
) 1.6422256

4 Cu
(
3d104p 2P◦

1/2

) + H(1s 2S1/2
) 3.7858976

5 Cu
(
3d104p 2P◦

3/2

) + H(1s 2S1/2
) 3.8166920

6 Cu
(
3d105s 2S1/2

) + H(1s 2S1/2
) 5.3483347

7 Cu
(
3d9(2D)4s4p(3P◦) 2F◦

5/2

) + H(1s 2S1/2
) 5.421363

8 Cu
(
3d9(2D)4s4p(3P◦) 2F◦

7/2

) + H(1s 2S1/2
) 5.574734

9 Cu
(
3d9(2D)4s4p(3P◦) 2P◦

1/2

) + H(1s 2S1/2
) 5.681072

10 Cu
(
3d9(2D)4s4p(3P◦) 2P◦

3/2

) + H(1s 2S1/2
) 5.688311

11 Cu
(
3d9(2D)4s4p(3P◦) 2D◦

3/2

) + H(1s 2S1/2
) 5.724709

12 Cu
(
3d9(2D)4s4p(3P◦) 2D◦

5/2

) + H(1s 2S1/2
) 5.777459

13 Cu
(
3d105p 2P◦

3/2

) + H(1s 2S1/2
) 6.1227048

14 Cu
(
3d105p 2P◦

1/2

) + H(1s 2S1/2
) 6.1227444

15 Cu
(
3d104d 2D3/2

) + H(1s 2S1/2
) 6.1911751

16 Cu
(
3d104d 2D5/2

) + H(1s 2S1/2
) 6.1920251

17 Cu
(
3d106s 2S1/2

) + H(1s 2S1/2
) 6.5524100

18 Cu+(3d10 1S0) + H−(1s2 1S0) 6.97238

where J is a total electronic angular momentum quantum number
obtained as an addition of two atomic total angular momenta with
the quantum numbers j1 and j2. The ionic molecular state Cu+(1S0)
+ H−(1S0) has the 0+ symmetry, we denote this wavefunction
as |0, 0; 0 0〉JJ . Covalent molecular states Cu(2Lj ) + H(2S1/2

) that
have the same symmetry are included into consideration, their wave
functions are denoted as |j, 1/2; J 0〉JJ .

Both the ionic and covalent molecular wave functions in the LS and
JJ representations can be expressed via the single-electronic wave
functions. Constructing molecular wave functions of a particular
molecular symmetry, one can use the same single-electronic wave
functions. In this case, one can express the Hamiltonian matrix
elements in the JJ representation via the Hamiltonian matrix elements
in the LS representation, the elements that are calculated for instance
by means of the model approach (Belyaev 2013; Belyaev et al. 2014).
The diagonal elements of the Hamiltonian matrix in the JJ represen-
tation are calculated by the usual way, but taking fine-structure energy
levels for atoms treated. Account for the fine structure in off-diagonal
matrix elements depends on considered atoms, see below for the
copper–hydrogen case. Knowing the diabatic Hamiltonian matrix
in the JJ representation, one can calculate the adiabatic potentials
with account for the fine structure. Information on the adiabatic
potentials in avoided-crossing regions in the JJ representation allows
us to calculate non-adiabatic transition probabilities by means of
the Landau–Zener model in each non-adiabatic region with the
adiabatic-potential-based formula (Belyaev & Lebedev 2011). The
long-range non-adiabatic regions can be obtained by the asymptotic
approach. They are located in a particular order, so one can use the
multichannel formulas in order to calculate state-to-state inelastic
transition probabilities (Belyaev et al. 2014; Yakovleva et al. 2016).

3 C O P P E R – H Y D RO G E N C O L L I S I O N S

All molecular states included in this study are listed in Table 1.
Although the ionic molecular state Cu+(3d10) + H−(1s2) has a
configuration similar to the ionic states in alkali–hydrogen colli-

sions, two-electron wave functions similar to those employed there
previously (Belyaev et al. 2019a) can not be used for the copper–
hydrogen system, because some of the covalent molecular states have
configurations Cu(3d9nln

′
l
′
) + H(1s) with three active electrons. The

molecular wave functions were therefore expressed here in terms of
single-electronic wave functions for each of the three active electrons
together with a many-electronic function

∣∣2mL
1/2mS

〉
Cu+ for the

shell Cu+(3d9 2D).
For the ionic molecular state Cu+(3d10) + H−(1s2), the electronic

wavefunction in both the JJ and LS representations reads:

|0, 0; 0 0〉Cu+H− = Â

[
1/2

1/2 0
mS ms 0

] [
2 2 0

mL ml 0

]

× |2 mL
1/2 mS〉Cu+ |3 2 ml〉1|ms〉1|1 0 0〉2|+〉2|1 0 0〉3|−〉3 (3)

where a single-electronic wavefunction of ith electron is denoted
as |n l ml〉i |ms〉i = ϕnlml

(�ri)χ1/2ms
(σi), with |+〉i = χ1/2

1/2
(σi) and

|−〉i = χ1/2-1/2
(σi).

For the covalent molecular states, the wave functions in the LS
representation are expressed as

|L, 0; 0 0〉LS = Â
1√
2

(∣∣L 0 1/2
1/2

〉
Cu

|1 0 0〉H |−〉H

− ∣∣L 0 1/2 -1/2

〉
Cu

|1 0 0〉H |+〉H

)
, (4)

whereas in the JJ representation, they are given by∣∣j, 1/2; J 0
〉

JJ

= Â

([
j 1/2 J

1/2 -1/2 0

] [
L 1/2 j

1 -1/2
1/2

] ∣∣L 1 1/2 -1/2

〉
Cu

|1 0 0〉 |−〉H

+
[

j 1/2 J
1/2 -1/2 0

] [
L 1/2 j

0 1/2
1/2

] ∣∣L 0 1/2
1/2

〉
Cu

|1 0 0〉 |−〉H

+
[

j 1/2 J

-1/2
1/2 0

] [
L 1/2 j

0 -1/2 -1/2

] ∣∣L 0 1/2 -1/2

〉
Cu

|1 0 0〉 |+〉H

+
[

j 1/2 J

-1/2
1/2 0

] [
L 1/2 j

-1 1/2 -1/2

] ∣∣L -1 1/2
1/2

〉
Cu

|1 0 0〉 |+〉H

)
,

(5)

where the many-electronic wave functions
∣∣LML

1/2 MS

〉
Cu

are
composed of two single-electronic wave functions and a many-
electronic Cu+(3d9 2D) shell wavefunction

∣∣2mL
1/2mS

〉
Cu+ .

After antisymmetrization of the wave functions for the ionic
and the covalent molecular states, |0, 0; 0 0〉Cu+H− , |L, 0; 0 0〉LS and∣∣j, 1/2; J 0

〉
JJ

, off-diagonal matrix elements in the LS and in the
JJ representations can be constructed. They are written via the
same single-electronic wave functions and the shell wavefunction.
Off-diagonal matrix elements in the JJ representation can then be
expressed as〈

0, 0; 0 0 | He
rel | j, 1/2; J 0

〉
JJ

= C
〈
0, 0; 0 0 | H nr

e | L, 0; 0 0
〉

LS
,

(6)

where the proportionality factors C are equal to

C = 1√
2

([
j 1/2 J

1/2 -1/2 0

] [
L 1/2 j

0 1/2
1/2

]

−
[

j 1/2 J

-1/2
1/2 0

] [
L 1/2 j

0 -1/2 -1/2

])
. (7)

Equation (6) allows one to determine the off-diagonal Hamiltonian
matrix elements in the JJ representation via the corresponding non-
relativistic matrix elements in the LS representation and proportion-
ality coefficients C, equation (7). Finally, off-diagonal Hamiltonian
matrix elements (see equations 6 and 7) and diagonal matrix elements
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Figure 1. The graphical representation of the rate coefficients for the partial
processes of excitation, de-excitation, neutralization, and ion-pair formation
in Cu + H and Cu+ + H− collisions at temperature T = 6000 K. Initial and
final state labels are presented in Table 1.

(see e.g. Belyaev 2013; Belyaev et al. 2019a) allow one to compute
electronic structure (in particular, for the CuH molecule) accounting
for the fine structure, see Belyaev et al. (2019a) for details. The
non-adiabatic nuclear dynamics is then treated using the electronic
structure in the JJ representation.

4 R ESULTS

Within the quantum model approach modified for inclusion of the fine
structure of copper, the adiabatic potentials of all CuH(0+) molecular
states correlated to the scattering channels listed in Table 1 were
calculated and the Landau–Zener parameters in each of the non-
adiabatic regions originating from the ionic–covalent interactions
were determined. Rate coefficients for all relevant processes such
as excitation, de-excitation, ion-pair formation, and for the mutual
neutralization processes that involve transitions between states listed
in Table 1 are calculated for the temperature range from T = 1000 K
to T = 10 000 K (306 partial inelastic processes in total). A graphical
representation of the rate coefficients for T = 6000 K is presented in
Fig. 1 and the corresponding numerical results of the calculations
for T = 6000 K are collected in Table 2. These results show
that at T = 6000 K, the mutual neutralization process to the final
state Cu(3d105s 2S1/2) + H (k = 6) has the largest rate coefficient
with a value of 3.81 × 10−8 cm3 s−1 whereas moderate rate
coefficients with values up to 8.82 × 10−9 cm3 s−1 correspond to the
mutual neutralization processes to the states Cu(3d105p 2P◦

3/2,1/2) +
H (k = 13, 14), and Cu(3d104d 2D3/2,5/2) + H (k = 15, 16), as
well as to the de-excitation processes Cu(3d104p 2P◦

1/2) + H →
Cu(3d94s2 2D◦

3/2,5/2) + H (k = 4 → k = 2, 3).
Fig. 2 shows the dependence of the mutual neutralization rate

coefficients on the excitation energy of the final state. Two sets of
data are depicted in the figure: open diamonds show the results of
calculations taking the fine structure into account (in the JJ represen-
tation) and stars represent the results without fine structure (in the LS
representation). The results are shown with two different colours in
order to distinguish between one-electron transition processes (blue)
and two-electron ones (orange). Obviously, two-electron transitions
have smaller rate coefficients than one-electron ones. Ta
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The important finding of this work is that a sum of H-collisional
rate coefficients over fine structure states usually is not equal to a
corresponding rate coefficient computed in the LS representation,
that is, without accounting fine structure; see Fig. 2 and Table 2.
The difference might be up to an order of magnitude, see e.g.
the neutralization processes into the final states k = 4 and 5:
Cu+(3d10 1S0) + H−(1s2 1S0) → Cu(3d104p 2P◦

1/2) + H(1s 2S1/2)
and Cu+(3d10 1S0) + H−(1s2 1S0) → Cu(3d104p 2P◦

3/2) +
H(1s 2S1/2). The rate coefficient for the former (with account
for the fine structure) is equal to 5.59 × 10−11 cm3 s−1, for the latter
4.73 × 10−10 cm3 s−1; the sum over the fine structure processes
5.29 × 10−10 cm3 s−1, which is nearly an order of magnitude larger
than the rate coefficient calculated in the LS representation without
fine structure and equal to 7.12 × 10−11 cm3 s−1. As mentioned
in the Introduction, the usual practice to estimate collisional rate
coefficients with fine-structure effects from rate coefficients com-
puted without fine structure implies redistributing the latter among
fine-structure states according to their statistical weights (Kiselman
1993; Amarsi et al. 2018). This study concludes that this manner
could lead to large errors in fine-structure rate coefficients (obtained
by redistributing LS rates). The approach proposed in this paper
calculates the fine-structure rate coefficients, not redistributing them.

The general dependence of the rate coefficients on the excitation
energy of Cu described by the simplified quantum model of Belyaev
& Yakovleva (2017a,b) is illustrated in Fig. 2 as dashed line.
Good agreement of the present calculated results with the model
description is obtained for one-electron-transition partial processes.2

In particular, one can see that the largest rate coefficient corresponds
to the mutual neutralization process into the final scattering state
Cu(3d105s 2S1/2) + H (k = 6) with an electron binding energy of
2.37 eV, which is the one-electron final channel with a binding
energy close to the value of 2 eV predicted by the simplified model
to be the optimal binding energy corresponding to the largest rate
coefficient. The rate coefficients for excitation and de-excitation
processes depend on binding energies similarly to one plotted in
Fig. 2, but they are functions of two binding energies, of the initial
and final channels.

Each chemical element, as well as each molecule, has a particular
electronic structure and individual characteristics. For this reason, an
influence of accounting for fine structure on the total rate coefficient
(a sum of partial rates over all final channels at a given initial channel)
can be different. The electronic structure of the CuH molecule is such
that the dominant contribution, 65 per cent, into a total rate coefficient
for the process with the largest value, the mutual neutralization pro-
cess, is coming from the only partial process, the one into the Cu(5s)
+ H final state (see Figs 1 and 2, and Table 2), and this atomic state,
Cu(5s), is not splitted into fine-structure sublevels. This results in the
fact that the total rate coefficient is practically not changed (within
1 per cent of accuracy) when one changes the coupling scheme
from the LS to JJ representation, although some partial mutual
neutralization processes change their values significantly, see above.
Other processes with initial channels, those are not splitted into fine-
structure sublevels can keep their total rates equal to their LS values,
e.g. for the Cu(6s) + H initial channel (a decrease by 0.7 per cent),
or change their total rate coefficient insignificantly, e.g. the total rate
for the processes with the Cu(5s) + H initial scattering channel is
increased by 19 per cent.3 For the processes with initial channels,

2Note that the simplified model has been developed for one-electron transi-
tions.
3Probably, the exceptions are the processes with the Cu(4s) + H initial channel
(the ground molecular state), whose total rate coefficient is increased by a

Figure 2. Rate coefficients for the neutralization processes at T = 6000 K
as a function of the excitation energy of Cu (measured from the ground state
level) in the JJ (open diamonds) and in the LS (stars) representations. Blue
symbols stand for one-electron processes, orange symbols for two-electron
processes. Dashed line shows the results of the simplified model.

whose atomic states are splitted into fine-structure sublevels, the total
rate coefficients are changed substantially increasing the total rates
by a factor between 2.03 for the Cu(5p) + H initial channel4 and
4.06 for the Cu(4p) + H initial channel. In general, one could expect
that the total rate is mainly increased, when a fine structure is taken
into account, but more studies are required in order to make a more
detailed general conclusion.

5 C O N C L U S I O N S

Inelastic processes in copper–hydrogen collisions Cu + H and Cu+ +
H− are investigated taking fine-structure effects into account. These
data are needed for NLTE stellar atmosphere modelling. For this pur-
pose, in this study the relevant CuH adiabatic potentials are initially
constructed in the LS representation (without fine structure) applying
the asymptotic approach of Belyaev (2013), and fine-structure effects
are included making use of a recently proposed method (Belyaev
et al. 2019a) that is extended here for a many-electron case and
applied to calculations of the CuH fine-structure adiabatic potentials.
These potentials are used to study the non-adiabatic nuclear dynamics
applying the multichannel analytical approach and the Landau–Zener
model. Fine-structure rate coefficients for a wide temperature range
of 1000–10 000 K are calculated for the inelastic processes in copper–
hydrogen collisions, such as mutual neutralization, ion-pair forma-
tion, excitation, and de-excitation, 306 partial inelastic processes in
total. The calculated data are available as supplementary material.

The most efficient process in the copper–hydrogen collisions is
found to be the partial mutual neutralization reaction Cu+ + H− →
Cu(3d105s 2S1/2) + H with a rate coefficient of 3.81 × 10−8 cm3 s−1

at a temperature of 6000 K. For this process, the electronic binding
energy of the final scattering channel has the value of 2.37 eV,
and for the CuH molecule, it is the closest binding energy to
the optimal value of 2 eV predicted by the simplified model
(Belyaev & Yakovleva 2017a) for a mutual neutralization process

factor of 94 keeping its value very low due to the large adiabatic potential
splitting between the ground and excited molecular states.
4We subtract rate coefficients for the partial processes between the fine-
structure sublevels of the same level [e.g. transitions 13 � 14 for the
Cu(5p 2P◦

3/2,1/2) + H initial channels] from the relevant total rate coefficient.
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with the highest rate coefficient. The next lower rate coefficients
with values below 10−8 cm3 s−1 correspond to two partial mutual
neutralization processes Cu+ + H− → Cu(3d105p 2P◦

3/2,1/2) + H,
Cu+ + H− → Cu(3d104d 2D3/2,5/2) + H, and the de-excitation process
Cu(3d104p 2P◦

1/2) + H → Cu(3d94s2 2D◦
3/2,5/2) + H.

It is shown here that the sum of rate coefficients over fine-structure
states can deviate substantially from a corresponding rate coefficient
computed within the LS approximation where fine-structure effects
are not included. The difference can possibly mount up to an order of
magnitude. As the result, the commonly used way to calculate rate
coefficients for fine-structure sublevels by means of redistributing
rates, computed without taking fine structure into account, could
therefore lead to large errors. The presently proposed approach
includes recalculating molecular electronic structure with account for
fine-structure effects followed by recalculating non-adiabatic nuclear
dynamics based on the modified electronic structure of the molecule.
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