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Electron-impact excitation and dissociation of molecules is an important process which plays
a major role in governing the dynamics of astrophysical, industrial, and fusion plasmas. The
H; molecule is a significant species in many plasma environments, particularly in the divertor
region of tokamak reactors, where more than 90% of the neutral hydrogen is molecular [1]. In
the divertor region many of these Hy molecules are present in vibrationally excited states. The
cross sections for excitation and dissociation of vibrationally-excited H, are substantially larger
than for H, in the ground vibrational level. Therefore a careful analysis of processes in fusion
plasma requires detailed information on the vibrational distribution of molecular hydrogen. The
purpose of this work is to present a new set of reliable cross sections for producing vibrationally-
excited H, via electron-impact processes. The full details are presented in Ref. [2].

Above the first electronic-inelastic threshold, the dominant pathway to producing vibrationally-
excited Hj in plasmas is excitation-radiative-decay (ERD) - the radiative decay to bound vibra-
tional levels of the ground electronic state after electron-impact transitions to electronic singlet
states. Cross sections for this process are important for accurate modelling of hydrogenic plas-
mas where Hj is present in a range of vibrational levels. Excitation-radiative-decay dissociation
(ERDD) occurs when excited singlet states decay radiatively into the dissociative vibrational
continuum of the ground state. This process is one of the dominant mechanisms for dissociation
of H,, with important implications for modelling fusion and astrophysical plasmas.

A theoretical approach to modelling the ERD and ERDD processes requires detailed informa-
tion on vibrationally-resolved electron-impact excitations for a large number of electronically
excited states. The majority of theoretical work in determining ERD and ERDD cross sec-
tions for e”-Hj collisions has been performed using the semi-classical impact-parameter (IP)
method [3, 4]. The IP results for excitation cross sections are up to a factor of two larger than
the available measurements for low- to intermediate-energy electrons scattering on the ground
vibrational level, and are likely to be similarly inaccurate for scattering on excited levels.

More recently our group has extended the convergent close-coupling method to electron col-
lisions with molecular hydrogen [5, 6]. The CCC approach [7] starts with the fixed-nuclei (FN)

formulation where the total wave function is expanded in a complete set of N target-state func-
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tions represented in spheroidal coordinates [8]. The scattering-system time-independent elec-
tronic Schrodinger equation is transformed into the momentum-space coupled-channel Lippmann-
Schwinger equation for the 7 matrix. Projectile wave functions are expanded in partial waves to
reduce the equations in three dimension to effectively one dimension. FN partial-wave scattering
amplitudes and cross sections are obtained over a range of internuclear separations. Increasing
the target-state expansion size and the size of the projectile partial-wave expansion leads to
converged cross sections.

In the adiabatic-nuclei (AN) method the FN partial-wave scattering amplitudes calculated
at incident energy E and internuclear distance R Fyy, i idgm; (R,E) are utilized to obtain cross
sections for vibrational excitations iv; — fvy:
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Vibrational wave functions ), (R) are obtained by diagonalising the Born-Oppenheimer molec-

ular Hamiltonian. The ERD and ERDD cross sections are calculated in the following way,

Air(vi',vy)
ERD LI\VisVf
(N, :Z_ Ofvyiv; 2
! fiv fvrivio
i i o Af(Vf) i
ERDD __ i ERD
Gl’Vi’,f,l’Vl‘ - Z vaf’lvi o - GiVi/,f,iVi (3)
v Vi

where A; ¢(vi’,v¢) is the fvy — iv/ radiative transition probability and A¢(vy) is the total tran-

sition probability for the fv, state. The summations are taken over all bound vibrational levels

of the corresponding electronic states. 05

The spheroidal-coordinate formulation of the 06

CCC method allows for an accurate representation 0Ty
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nuclear distances as illustrated in Fig. 1. This is im-

portant for accurate evaluation of the integral over R

in Eq. (1). The first six singlet excited states shown
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in Fig. 1 contribute between 80% (for scattering on Internuclear separation R (units of a)

v; = 14) and 95% (v; = 0) of the ERD and ERDD Figure 1: Potential-energy curves for the first
cross sections. The present calculations have been S singlet states of Ho.

performed in two models. The 210-state model is labelled CCC-S(210) and accounts for excita-
tions of both bound and continuum part of the H; spectrum. The testing we have done indicates

that this model produces convergent cross sections for the transitions of interest in this work.
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The second model has 27 states which account only for reaction channels leading to bound

spectrum excitations. This model is labelled CC(27).
In Fig. 2 we present the ERD cross section
summed over excitations to the B 12:[, c ',
B' 'zt D', and E,F 12; states for a selection
of v;. These include scattering from the v; = 0,5
and 10 levels to all final vibrational levels. Radia-
tive decays from the excited states shown in Fig. 1
are treated explicitly using Eq. (2), with an esti-
mate made for the contribution from the remaining
singlets. In each case, the cross section is largest
for decays back to the same initial vibrational level
(vi' = v;) and decreases for increasing |v; — v;/|. This
behaviour has also been observed in Refs. [3, 9].
For comparison with Celiberto et al [3] and
Hiskes [9], we present ERD cross sections for scat-
tering on the ground vibrational state summed over
excitations via the B ', and C 'TI, states in Fig. 3.
Here we also compare the CC(27) and CCC-S(210)
scattering models. The CCC-S(210) and CC(27) re-
sults are in agreement with each other and with the
IP cross sections in the high energy region where
they are expected to converge to the first-Born ap-
proximation results. As the IP formulation is a high
energy approximation and describes the projectile

motion classically, it is not expected to produce ac-
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Figure 2: ERD cross sections for scattering
on the v; = 0,5, and 10 vibrational levels of
the X IZ; state, leading to excitation of the
singlet spectrum and radiative decay to the

bound v’ = 0 — 14 levels of the X 12‘.; state.

curate results at intermediate to threshold energies. This is reflected in the disagreement of the

IP results with both Hiskes [9] and CCC-S(210), where the IP results are greater by up to a factor

of 2. The CC(27) model neglects coupling to the target electronic continuum, resulting in larger

cross sections in the intermediate energy region as flux is redistributed to the bound electronic

channels. We note that the CCC-S(210) cross sections are in good agreement with Hiskes [9]

+20

where available, and within the 5% uncertainty quoted by Hiskes [9] for the maximum.
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In Fig. 4 we compare the CCC cross sections 5 PN " cces@10)
. . . 40f 7 ° o ‘\‘\ CQ(27) °
with the IP calculations of Celiberto ef al [4], who sl /o o o
B " / o] o\ - 1
presented ERDD cross sections summed over the 30 f’k/" o~ %=0 1

B 'Y} and C 'TI, state contributions only. For all
vibrational levels, the B 12; and C 'TI,, combined
ERDD cross section comprises 85-95% of the to-
tal ERDD cross section. As seen in Fig. 4, the CCC
ERDD cross sections are up to factor of two lower
than the IP results at low to intermediate energies,
however both calculations are in excellent agree-
ment at higher energies.

In conclusion, we have presented electron-impact
excitation-radiative-decay (ERD) and ERD dissoci-

ation (ERDD) cross sections for scattering on the
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Figure 3: Cross sections for ERD via the
B 'Y} and C 'T1, states, for scattering on
the vi = 0 level of the X IZ; state. 27-state
and 210-state CCC results for decays to the
vi' =0,5, and 10 levels are compared with the
previous calculations of Celiberto et al. [3]

and Hiskes [9].

X lzg(vi = 0 — 14) levels via excitation of the singlet states of H, with full details pre-

sented in Ref. [2]. The ERD cross sections are in good agreement with the calculations of

Hiskes [9], where available, but in significant disagreement with the more comprehensive IP

calculations [3, 4] except at high energies where the IP formalism becomes valid. The level of

agreement with the IP results is the same for the ERDD cross sections.
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Figure 4: Sum of the present B 'Y}

0.0

and
C 'T1,, excitation-radiative-decay dissociation
cross sections (solid lines) compared with the
impact-parameter calculations of Celiberto et

al [4] (dashed lines).



