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1. Introduction

Electron collisions with molecular hydrogen and its isotopo-
ogues are processes of fundamental importance for the modeling
f astrophysical, technological, and fusion plasmas. Ionization of
hese species is of particular interest in non-equilibrium plasmas,
uch as those used in semiconductor fabrication or present in
he edge and divertor regions of tokamak fusion reactors [1].
ith the present series of papers we aim to produce a complete

et of vibrationally-resolved cross sections for electron scattering
n H2, D2, T2, HD, HT, and DT, calculated using the adiabatic-
uclei (AN) molecular convergent close-coupling (MCCC) method,
ith a particular focus on generating the necessary input data for
ollision-radiative (CR) models [2]. One of the distinctive features
f the data is that it is self consistent, since the cross sections
or all processes are extracted from a single set of scattering
alculations which utilize a well-established unitary theory with
n ab initio treatment of the coupling between all electronic
eaction channels [3].

The previous installments in this series [4–6] presented a
omplete set of fully vibrationally-resolved cross sections for
xcitation of the n = 2–3 states from the X 1Σ+

g state of H2
nd its isotopologues, as well as cross sections for the excitation-
adiative-decay process. Now, we turn our attention to electron-
mpact ionization of H2 and its isotopologues, considering
cattering on the ground state and both electronically- and
ibrationally-excited states.
Ionization of H2 and D2 in the X 1Σ+

g (vi = 0) state has
een previously studied extensively. Numerous measurements
ave been reported, and Yoon et al. [7,8] have compiled rec-
mmended values for the ionization cross section based on the
vailable data. Theoretical studies of the H2(X 1Σ+

g , vi = 0) ion-
zation cross section have been performed using the R-matrix
ith pseudostates (RMPS) method [9] and the time-dependent
lose-coupling method [10], while Liu and Shemansky [11] have
rovided estimates for ionization of all bound vibrational levels
f the H2(X 1Σ+

g ) state using a modified Born method. Celiberto
t al. [12] utilized the semiclassical Gryzinski theory along with
he Franck–Condon approximation to calculate cross sections for
onization of all bound vibrational levels of the X 1Σ+

g state of
2 and D2, and Wünderlich [13] applied the same method to
ibrationally-resolved ionization of the first six non-dissociative
2

lectronic states of H2. There is good agreement between the
arious theoretical and experimental results for ionization of the
1Σ+

g (vi = 0) state of H2, but data for the isotopologues or for
scattering on excited electronic or vibrational levels is too scarce
to draw any conclusions [8]. The theoretical results of Wünderlich
[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 1Σ+

g (vi =

) state of H2.
The MCCC method has recently been applied to scattering on

the vi = 0 vibrational level of the B 1Σ+
u , c 3Πu, a 3Σ+

g , EF 1Σ+
g ,

and C 1Πu, states of H2, including ionization [15]. Agreement
with the Gryzinski calculations of Wünderlich [13] was good
for the B 1Σ+

u , c 3Πu, and C 1Πu states, but for the EF 1Σ+
g and

a 3Σ+
g states there is a difference of up to 20% at the cross-

section maximum. Calculations by Joshipura et al. [16] using their
‘complex scattering potential—ionization contribution’ method
for ionization of the metastable c 3Πu state were also in good
agreement with the MCCC and Gryzinski calculations. Aside from
MCCC, no other fully quantum-mechanical calculations have been
performed for ionization of electronically-excited states.

The total ionization cross section has three main contribu-
tions:

(1) non-dissociative ionization with the residual H+

2 ion being
formed in a bound vibrational level of the ground electronic
state (X 2Σ+

g ),
(2) dissociative ionization with the ion being formed in the

vibrational continuum of the X 2Σ+
g state, and

(3) dissociative ionization via the first excited electronic state
(A 2Σ+

u ).

The A 2Σ+
u state has a repulsive potential energy curve, so ex-

citations 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 electronic states in H+

2 will also
lead to dissociation, however the cross sections for these pro-
cesses are likely to be negligible. The Gryzinski calculations of
Wünderlich [13] consider 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
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rocess (producing H+

2 in an excited electronic state). There-
ore we restrict the present work to considering ionization via
he X 2Σ+

g state. As seen in Ref. [13] the cross section for this
rocess is generally orders of magnitude larger than for the
onization-with-excitation process.

. Computational details

The AN MCCC method has been extensively detailed previ-
usly [3,15], and the methods used to obtain the ionization cross
ections in this work are identical to what is outlined in Ref. [15].
he computational models applied to ionization of the ground
tate and excited electronic states differ due to the different
ates of convergence and the more diffuse nature of some of the
xcited electronic-state potential-energy curves. Here we provide
brief discussion of the calculations, and refer the interested

eader to Ref. [15] for further details of the MCCC method and the
xtraction of ionization cross sections in the AN approximation.
tomic units are used throughout this paper, unless specified
therwise.

.1. Ionization of the X 1Σ+
g state

The previous papers in this series [4–6], which studied
electronically-bound excitations from the X 1Σ+

g state, utilized
scattering model with 210 target states in the close-coupling
xpansion. However, this model does not yield a converged
onization cross section for the X 1Σ+

g state at all energies. In the
resent work we use the 210-state model in the 0–60 eV energy
ange, where it is sufficiently converged, and a larger 300-state
odel for higher energies up to 1000 eV. The target states in this
odel are generated using a Laguerre basis with N=12−ℓ, for ℓ
p to 7, and exponential falloffs α=0.8. An accurate H+

2 ground-
tate molecular orbital then replaces the 1s Laguerre function. The
s, 3s, 2p, 3p, 3d, 4d, 5d and 4f orbitals are replaced by Laguerre
unctions with exponential falloffs

l =

{
1, l = 0
1.33, l ≥ 1.

(1)

ee Ref. [15] for definitions of these parameters and details of
he structure calculations. This basis produces 977 (pseudo)states,
nd in the close-coupling calculations we keep the 300 target
tates with excitation energies below 62 eV (from the ground
tate at the mean internuclear separation). To account for the
mall amount of flux into the higher-energy continuum pseu-
ostates, we apply an energy-dependent scaling procedure to
nsure at high energies the ionization cross section converges to
he analytical Born cross section calculated using the full set of
arget states.

.2. Ionization of excited electronic states

For scattering on the n = 2 electronic states, we found pre-
iously [15] that the 210-state model is sufficient to yield con-
erged cross sections for all processes, including ionization. For
ome electronic states, such as the B 1Σ+

u state, the highest vi-
rational wave functions can span very large internuclear separa-
ions, as large as R=50. We have found that the structure model
utlined in Ref. [15], with minor modifications, can be used to
enerate target wave functions with acceptable accuracy up to
= 10. Further discussion of the structure model used here will
e given in a following paper on vibrationally-resolved transitions
etween excited states. For internuclear separations larger than
= 10 it is not possible to generate accurate target states
ithout requiring a much larger basis that would make subse-

uent scattering calculations unfeasible. Since the majority of the

3

Table A
Number of vibrational levels in each electronic state considered in the present
work. Entries are presented as vmax/vtot , where vmax is the number of levels
onsidered here, and vtot is the total number of levels supported by the state.
State Molecule

H2 HD HT D2 DT T2
X 1Σ+

g 15/15 17/18 18/19 21/22 21/24 23/26
B 1Σ+

u 28/40 32/46 34/49 39/57 43/62 48/69
EF 1Σ+

g 25/33 29/39 30/41 35/47 38/52 43/58
C 1Πu 14/14 16/16 17/17 19/19 21/21 24/24
a 3Σ+

g 16/22 18/25 19/27 22/31 24/34 27/38
c 3Πu 17/22 20/26 21/27 25/31 27/34 30/38

vibrational levels in the excited electronic 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 vibrational 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.

3. Cross sections and isotopic effects

Cross sections for ionization of the states listed in Table A
have been calculated from threshold up to 1000 eV. In Fig. 1 we
compare the vi = 0 cross sections for the different isotopologues
and find that there are no noticeable isotopic effects. In Fig. 2
we make a similar comparison 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 1Σ+

g state and 16 eV for
the n = 2 states). Although each isotopologue has a different
pectrum of vibrational levels, the cross sections as a function
f vibrational-level energy show very little isotope effect. The
nteresting structure in the EF 1Σ+

g cross section is due to the two
istinct series in the lower vibrational levels corresponding to the
wo minima in the EF 1Σ+

g potential-energy curve.
In Fig. 3, we compare the vi = 0 ionization cross sections for

H2 with the previous measurements [17–20] and calculations [9,
10,16] available in the literature. For the X 1Σ+

g 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 1Σ+

g and a 3Σ+
g states there is

still a discrepancy of up to 20% at the cross-section peak. More
detailed comparisons with the Gryzinski calculations for excited
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 discrepancies. 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 ana-
lytic fits for each transition, employing the following analytic fit
function:

σ (x) =
1
x

[
a0 ln(x) +

5∑
i=1

ai

(
1 −

1
x

)i ]
exp

(
−

1
xa6

)
(2)

Here, x = Ein/E0, where E0 is the threshold energy. The fitting
arameters are also provided in text files as outlined in Section 6.
or scattering on excited vibrational levels, it is common for the
ross section to be negligible (e.g. less than 10−5 a20) for several eV
bove threshold before suddenly rising. Since these cross sections
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Fig. 1. Total ionization cross sections for H2 , D2 , T2 , HD, HT, and DT from the
i = 0 vibrational level of the X 1Σ+

g , B 1Σ+
u , C 1Πu , EF 1Σ+

g , c 3Πu and a 3Σ+
g

electronic levels.

Fig. 2. Total ionization cross sections for H2 , D2 , T2 , HD, HT, and DT as a function
of initial vibrational state energy. The results are presented relative to the energy
of the vi =0 vibrational level for each respective electronic state.

represent a sum over the final vibrational levels in the H+

2 ion, this
effect can be explained by the small Franck–Condon (FC) factor
between high vi in H2 and low vf in H+

2 . Rather than defining
the threshold to be the excitation energy of the vf = 0 level
in H+

2 , for the purposes of performing analytical fits it is more
convenient to define it as the energy where the cross section
4

Fig. 3. Ionization cross section for the vi = 0 level of the X 1Σ+
g , B 1Σ+

u ,
1Πu , EF 1Σ+

g , a 3Σ+
g and c 3Πu states of H2 . For each state we compare

ith the Gryzinski calculations of Wünderlich [13]. For the X 1Σ+
g state, we

lso compare with the measurements of Straub et al. [17],Rapp and Englander-
olden [18],Krishnakumar and Srivastava [19] and Lindsay and Mangan [20], the
MPS calculations of Gorfinkiel and Tennyson [9], and the TDCC calculations of
indzola et al. [10]. For the c 3Πu state we compare with the CSP-ic calculations
f Joshipura et al. [16]. See the introduction for acronym definitions.

egins to rise substantially. We have found that the excitation
nergy of the lowest vibrational level of H2 for which the FC factor
s greater than 0.01 (1% of the sum over all vf ) is a suitable choice
f threshold for these purposes.

. Uncertainties

In Ref. [4] we estimated the uncertainties in the numerical
ross sections for vibrationally-resolved electronic excitation to
e 10%, while for the fitted cross sections we estimated an un-
ertainty of 12%. In the present work, the various considerations
f target structure accuracy, rates of convergence, and accuracy of
he fits are much the same, so we provide the same uncertainty
stimate of 10% (12%) in the calculated (fitted) cross sections.
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valid.

6. Accessing the data

The numerical cross sections are provided in supplementary
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
nitial electronic state, and [vi] is the initial vibrational level.
ee Appendix 1 of Ref. [4] for details on converting the diatomic
tate labels to alphanumeric strings. Files containing the fitting
arameters are named in the format

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

nd contain parameters for all vibrational levels of the initial
lectronic state [i]. The cross-section and fitting-parameter files
an also be downloaded from the MCCC database website at
ccc-db.org. This repository will be continuously updated as new

esults are produced and is the best location to access the entire
et of MCCC cross sections.

. Conclusions

We have presented vibrationally resolved ionization cross sec-
ions for electron scattering on excited vibrational levels in the
1Σ+

g , B 1Σ+
u , C 1Πu, EF 1Σ+

g , a 3Σ+
g , and c 3Πu electronic states

f H2, D2, T2, 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 ionization of H2 using a fully quantum-
mechanical method, and we expect the results will be of use in
plasma-modeling applications.
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E
xplanation of Graphs

Graph 1 Ionization cross sections for electron collisions with H2.
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 (vi) as
labeled in each panel. For each state, four values of vi are chosen for presentation, with the first being vi =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 Wünderlich [13].

Graph 2 Ionization cross sections for electron collisions with D2.

Graph 3 Ionization cross sections for electron collisions with T2.

Graph 4 Ionization cross sections for electron collisions with HD.

Graph 5 Ionization cross sections for electron collisions with HT.

Graph 6 Ionization cross sections for electron collisions with DT.
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Graph 1. Ionization cross sections for electron collisions with H2 .
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Graph 2. Ionization cross sections for electron collisions with D2 .
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Graph 3. Ionization cross sections for electron collisions with T2 .
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Graph 4. Ionization cross sections for electron collisions with HD.
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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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