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Abstract

We present a comprehensive set of vibrationally-resolved cross sections for electron-impact ionization of molecular hy-
drogen and its isotopologues (Hy, Dy, T2, HD, HT, and DT) in both the ground and excited electronic states. We apply
the adiabatic-nuclei molecular convergent close-coupling (MCCC) method to calculate cross sections from threshold to
1000 eV for ionization of the ground and excited vibrational levels of the X 'SF, B'SF, C''II,, EF 'S, a®%}, and
¢ 311, electronic states, representing all states with united-atoms-limit principle quantum number n=1-2. The cross sec-

tions are presented in graphical form and provided as both numerical values and analytic fit functions in supplementary

data files. The data can also be downloaded from the MCCC database at mccc-db.org.
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1. Introduction

Electron collisions with molecular hydrogen and its iso-
topologues are processes of fundamental importance for
the modeling of astrophysical, technological, and fusion
plasmas. Ionization of these species is of particular in-
terest in non-equilibrium plasmas, such as those used in
semiconductor fabrication or present in the edge and di-
vertor regions of tokamak fusion reactors [1]. With the
present series of papers we aim to produce a complete set
of vibrationally-resolved cross sections for electron scatter-
ing on Hy, Dy, To, HD, HT, and DT, calculated using the
adiabatic-nuclei (AN) molecular convergent close-coupling
(MCCC) method, with a particular focus on generating
the necessary input data for collision-radiative (CR) mod-
els [2]. One of the distinctive features of the data is that it
is self consistent, since the cross sections for all processes
are extracted from a single set of scattering calculations
which utilize a well-established unitary theory with an ab
initio treatment of the coupling between all electronic re-
action channels [3].

The previous installments in this series [4-6] presented
a complete set of fully vibrationally-resolved cross sections
for excitation of the n=2-3 states from the X 12; state
of Hs and its isotopologues, as well as cross sections for
the excitation-radiative-decay process. Now, we turn our
attention to electron-impact ionization of Hy and its iso-
topologues, considering scattering on the ground state and
both electronically- and vibrationally-excited states.

Tonization of Hy and Dy in the X 'Y (v; = 0) state
has been previously studied extensively. Numerous mea-
surements have been reported, and Yoon et al. [7; 8] have
compiled recommended values for the ionization cross sec-
tion based on the available data. Theoretical studies of
the Hy(X ', v; = 0) TICS have been performed using
the R-matrix with psuedostates (RMPS) method [9] and
the time-dependent close-coupling method [10], while Liu
and Shemansky [11] have provided estimates for ionization

of all bound vibrational levels of the Ho(X 12;) state us-

ing a modified Born method. Celiberto et al. [12] utilized

the semiclassical Gryzinski theory along with the Franck-

Condon approximation to calculate cross sections for ion-

ization of all bound vibrational levels of the X 'YX state of

Hs and D5, and Wiinderlich [13] applied the same method

to vibrationally-resolved ionization of the first six non-

dissociative electronic states of Hy. There is good agree-
ment between the various theoretical and experimental re-
sults for ionization of the X 'S} (v; = 0) state of Ha, but
data for the isotopologues or for scattering on excited elec-
tronic or vibrational levels is too scarce to draw any conclu-
sions [8]. The theoretical results of Wiinderlich [13] are the
most comprehensive data presented until now, and are in
good agreement with experiment and ab initio quantum-
mechanical calculations [9, 10, 14] for ionization of the

X '3} (v;=0) state of Hy.

The MCCC method has recently been applied to scat-
tering on the v; =0 vibrational level of the B1X, ¢3II,,
a®%f, EF'SY, and C'I1,, states of Hy, including ion-
ization [15]. Agreement with the Gryzinski calculations of
Wiinderlich [13] was good for the B X, ¢3I1,, and C 11,
states, but for the EF 'Y and a®X} states there is a dif-
ference of up to 20% at the cross-section maximum. Calcu-
lations by Joshipura et al. [16] using their ‘complex scatter-
ing potential—ionization contribution’ method for ioniza-
tion of the metastable ¢ 3IL, state were also in good agree-
ment with the MCCC and Gryzinski calculations. Aside
from MCCC, no other fully quantum-mechanical calcula-
tions have been performed for ionization of electronically-
excited states.

The total ionization cross section has three main con-
tributions:

(1) non-dissociative ionization with the residual HJ ion
being formed in a bound vibrational level of the ground
electronic state (X *%}),

(2) dissociative ionization with the ion being formed in
the vibrational continuum of the X 22:{ state, and

(3) dissociative ionization via the first excited electronic



state (A231).

The A2Y} state has a repulsive potential energy curve,
so excitations of this state always lead to dissociation.
For a useful illustration of these processes, see Fig. 1 of
Ref. [13]. Ionization leading to excitation of higher elec-
tronic states in H2+ will also lead to dissociation, however
the cross sections for these processes are likely to be negli-
gible. The Gryzinski calculations of Wiinderlich [13] con-
sider each of the above three processes in detail in order
to provide cross sections for total dissociative and non-
dissociative ionization. In the MCCC method, however,
it is not currently possible to study the ionization-with-
excitation process (producing H; in an excited electronic
state). Therefore we restrict the present work to consider-
ing ionization via the X 1 state. As seen in Ref. [13] the
cross section for this process is generally orders of magni-

tude larger than for the ionization-with-excitation process.

2. Computational details

The AN MCCC method has been extensively detailed
previously [3, 15], and the methods used to obtain the ion-
ization cross sections in this work are identical to what is
outlined in Ref. [15]. The computational models applied to
ionization of the ground state and excited electronic states
differ due to the different rates of convergence and the
more diffuse nature of some of the excited electronic-state
potential-energy curves. Here we provide a brief discus-
sion of the calculations, and refer the interested reader to
Ref. [15] for further details of the MCCC method and the
extraction of ionization cross sections in the AN approx-
Atomic units are used throughout this paper,

imation.

unless specified otherwise.

2.1. Ionization of the X 'Sf state
The previous papers in this series [4-6], which stud-
ied electronically-bound excitations from the X 12;{ state,

utilized a scattering model with 210 target states in the

close-coupling expansion. However, this model does not
yield a converged ionization cross section for the X 12;
state at all energies. In the present work we use the 210-
state model in the 0-60 eV energy range, where it is suffi-
ciently converged, and a larger 300-state model for higher
energies up to 1000 eV. The target states in this model
are generated using a Laguerre basis with N =12 — ¢, for
£ up to 7, and exponential falloffs & = 0.8. An accurate
H2+ ground-state molecular orbital then replaces the 1s
Laguerre function. The 2s, 3s, 2p, 3p, 3d, 4d, 5d and 4f
orbitals are replaced by Laguerre functions with exponen-

tial falloffs
= (1)

See Ref. [15] for definitions of these parameters and de-
tails of the structure calculations. This basis produces 977
(pseudo)states, and in the close-coupling calculations we
keep the 300 target states with excitation energies below
62 eV (from the ground state at the mean internuclear
separation). To account for the small amount of flux into
the higher-energy continuum pseudostates, we apply an
energy-dependent scaling procedure to ensure at high en-
ergies the ionization cross section converges to the analyti-
cal Born cross section calculated using the full set of target

states.

2.2. Ionization of excited electronic states

For scattering on the n=2 electronic states, we found
previously [15] that the 210-state model is sufficient to
yield converged cross sections for all processes, including
ionization. For some electronic states, such as the B!%}
state, the highest vibrational wave functions can span very
large internuclear separations, as large as R=50. We have
found that the structure model outlined in Ref. [15], with
minor modifications, can be used to generate target wave
functions with acceptable accuracy up to R=10. Further

discussion of the structure model used here will be given



in a following paper on vibrationally-resolved transitions
between excited states. For internuclear separations larger
than R=10 it is not possible to generate accurate target
states without requiring a much larger basis that would
make subsequent scattering calculations unfeasible. Since
the majority of the vibrational levels in the excited elec-
tronic states are contained within R < 10, we have chosen
to limit the vibrational levels to those for which we can
guarantee an acceptable accuracy. The number of vibra-
tional levels we include for each state are summarized in
Table A. Since the highest vibrational levels are much less
likely to be populated in a plasma, we believe this is an

acceptable compromise.

Table A

Number of vibrational levels in each electronic state con-
sidered in the present work. Entries are presented as
Umax/Vtot, where vmax is the number of levels considered

here, and v is the total number of levels supported by

the state.
State Molecule
H, HD HT Do DT Ty

X' 15/15 17/18 18/19 21/22 21/24 23/26
BISH  28/40 32/46 34/49 39/57 43/62 48/69
EF'SP 25/33 29/39 30/41 35/47 38/52 43/58
CUI,  14/14 16/16 17/17 19/19 21/21 24/24
a®TH 0 16/22 18/25 19/27 22/31 24/34 27/38
e 17/22  20/26  21/27 25/31 27/34 30/38

3. Cross sections and isotopic effects

Cross sections for ionization of the states listed in Ta-
ble A have been calculated from threshold up to 1000 eV.
In Fig. 1 we compare the v; = 0 cross sections for the
different isotopologues and find that there are no notice-
able isotopic effects. In Fig. 2 we make a similar com-
parison but as a function of the initial vibrational level

energy at a fixed incident energy near the cross-section

maximum (80 eV for the X 12; state and 16 eV for the

n = 2 states). Although each isotopologue has a differ-
ent spectrum of vibrational levels, the cross sections as
a function of vibrational-level energy show very little iso-
tope effect. The interesting structure in the EF 12; Cross
section is due to the two distinct series in the lower vi-
brational levels corresponding to the two minima in the
EF 'S} potential-energy curve.

In Fig. 3, we compare the v; =0 ionization cross sec-
tions for Hy with the previous measurements [17-20] and
calculations [9, 10, 16] available in the literature. For the
X 123’ state, there is good agreement between all available
data. For the excited states, there is surprisingly good
agreement between the MCCC cross section and the more
approximate Gryzinski and CSP-ic calculations, though
for the EF 'S} and a®X] states there is still a discrep-
ancy of up to 20% at the cross-section peak. More de-
tailed comparisons with the Gryzinski calculations for ex-
cited vibrational levels in all six isotopologues are given in
Graphs 1-6. As in Fig. 3, there are many cases where the
agreement between the two calculations is unexpectedly
good, but others where there are substantial discrepan-
cies. There does not appear to be any particular pattern
determining which cross sections show good agreement and

which do not.

4. Analytic fits

In addition to numerical cross sections, we also provide
analytic fits for each transition, employing the following

analytic fit function:

wointe)+ Y (1- 1 | e () 2

Here, x = Ei,/Ey, where Ejy is the threshold energy. The

o(x) = é

fitting parameters are also provided in text files as outlined
in Sec. 6. For scattering on excited vibrational levels, it is
common for the cross section to be negligible (e.g. less than
1075 a?) for several eV above threshold before suddenly

rising. Since these cross sections represent a sum over the



final vibrational levels in the HJ ion, this effect can be ex-
plained by the small Franck-Condon (FC) factor between
high v; in Hy and low vy in H;r Rather than defining the
threshold to be the excitation energy of the vy =0 level
in H;L, for the purposes of performing analytical fits it is
more convenient to define it as the energy where the cross
section begins to rise substantially. We have found that
the excitation energy of the lowest vibrational level of Hy
for which the FC factor is greater than 0.01 (1% of the
sum over all vy) is a suitable choice of threshold for these

purposes.

5. Uncertainties

In Ref. [4] we estimated the uncertainties in the nu-
merical cross sections for vibrationally-resolved electronic
excitation to be 10%, while for the fitted cross sections we
estimated an uncertainty of 12%. In the present work, the
various considerations of target structure accuracy, rates
of convergence, and accuracy of the fits are much the same,
so we provide the same uncertainty estimate of 10% (12%)
in the calculated (fitted) cross sections. Note that the vi-
brational levels we have considered in this work were cho-
sen according to the requirement that they span internu-
clear separations R < 10 where this uncertainty estimate

is valid.

6. Accessing the data

The numerical cross sections are provided in supple-

mentary data files named in the format
MCCC-el-H2-TICS. [i] _vi=[vi].txt

where TICS stands for total ionization cross section, [i]
is the initial electronic state, and [vi] is the initial vibra-
tional level. See Appendix 1 of Ref. [4] for details on con-
verting the diatomic state labels to alphanumeric strings.
Files containing the fitting parameters are named in the

format

MCCC-el-H2-TICS. [i] fit.txt

and contain parameters for all vibrational levels of the ini-
tial electronic state [i]. The cross-section and fitting-
parameter files can also be downloaded from the MCCC
database website at mccc-db.org. This repository will be
continuously updated as new results are produced and is

the best location to access the entire set of MCCC cross

sections.

7. Conclusions

We have presented vibrationally resolved ionization cross
sections for electron scattering on excited vibrational levels
in the Xlzg, Bxf, C'1,, EFlE;, a3Zg+, and ¢3I1,
electronic states of Hy, Do, To, HD, HT, and DT. Analytic
fits have been provided for all cross sections, and we have
estimated an uncertainty of 10% in the numerical data and
12% in the fitted data. The present calculations represent
the first comprehensive study of vibrationally-resolved ion-
ization of Hy using a fully quantum-mechanical method,

and we expect the results will be of use in plasma-modeling

applications.
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Fig. 1: Total ionization cross sections for Ha, Da, T2, HD, HT, and DT from the v; =0 vibrational level of the X 12;, Blxf, i,

EF IE;, ¢311, and a32z{ electronic levels.
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Fig. 2: Total ionization cross sections for Ha, D2, T2, HD, HT, and DT as a function of initial vibrational state energy. The results are

presented relative to the energy of the v; =0 vibrational level for each respective electronic state.
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Fig. 3: Ionization cross section for the v; =0 level of the X IE;,F, Bzt ¢, EFlE:{, a?’Eg+ and ¢3II, states of Ho. For each state
we compare with the Gryzinski calculations of Wiinderlich [13]. For the X 12?{ state, we also compare with the measurements of Straub
et al. [17], Rapp and Englander-Golden [18], Krishnakumar and Srivastava [19] and Lindsay and Mangan [20], the RMPS calculations of
Gorfinkiel and Tennyson [9], and the TDCC calculations of Pindzola et al. [10]. For the ¢3II, state we compare with the CSP-ic calculations

of Joshipura et al. [16]. See the introduction for acronym definitions.

Explanation of Graphs
Graph 1. Ionization cross sections for electron collisions with Hs.

Each row represents a different initial electronic state as labeled in the first panel of the row. Each column represents a
different initial vibrational level (v;) as labeled in each panel. For each state, four values of v; are chosen for presentation,
with the first being v; =0 and the last being the highest vibrational level we have performed calculations for (see Table A).
Comparison is made between the present MCCC calculations and the Gryzinski calculations of Wiinderlich [13].
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Graph 1. Ionization cross sections for electron collisions with Hs.
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Graph 2. Ionization cross sections for electron collisions with Da.
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Graph 3. Ionization cross sections for electron collisions with Ts.
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Graph 5. Ionization cross sections for electron collisions with HT.
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Graph 6. Ionization cross sections for electron collisions with DT.
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