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Abstract
A theoretical investigation of electron-D2 resonant collisions—via the low-lying and the
Rydberg states of D−

2 —is presented for vibrational excitation, dissociative electron attachment
and dissociative excitation processes by using the local-complex-potential approach. Full sets of
vibrationally resolved cross sections, involving the ground electronic state—X 1Σ+

g —and the
first two electronic excited states—b 3Σ+

u and B 1Σ+
u —of the D2 molecule, are given for fusion

plasma applications in their technologically relevant partially dissociated, detached divertor
regimes. In particular, transitions between electronic excited states are also considered.
Comparisons are made with cross sections present in the literature, where available.

Keywords: deuterium, electron collisions, plasma fusion, divertor, cross sections

(Some figures may appear in colour only in the online journal)

1. Introduction

Electron-impact vibrational excitation (VE) and dissociation
of deuterium molecules are of primary importance in many
fields, ranging from astrophysics and plasma discharges to
nuclear fusion, including fundamental physics [1].

Molecular hydrogen H2, deuterated hydrogen HD and deu-
teriumD2, the simplest and at the same time themost abundant
species formed in the pregalactic gas prior to structure forma-
tion, played an important role in the cooling of the gas clouds
which gave birth to the first stellar generation [2, 3]. In this
regard, it has been shown that the D/H ratio in giant plan-
ets, Jupiter and Saturn, is a fundamental parameter to under-
stand the formation of the Solar System from the primitive
nebula [4]. Moreover, electron-impact cross sections for HD,

∗
Author to whom any correspondence should be addressed.

D2 and the corresponding ions are needed to explain certain
phenomena occurring in the different planetary atmospheres
and their ionospheres [5].

Among technological applications, electron-D2 collision
cross sections are strictly related to the important problem of
plasma interaction with the neutral gas component originat-
ing from surface recombination, from volumetric recombina-
tion channels, and/or from external gas puffing (plasma fuel-
ing). This is of particular relevance for the so-called ‘detached
divertor regime’ in magnetic fusion devices [6, 7], which is
currently intensively studied in existing tokamaks and stellar-
ators, and is also foreseen as the standard operational mode
for the ITER fusion reactor under construction in Cadarache
(South France). In this detached plasma mode of operation
the hydrogenic plasma chemistry plays a key role for critical
issues such as plasma energy and momentum dissipation, high
heat flux component protection and particle (ash) removal.
There molecular reaction kinetics comprises an important
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sub-model of the integrated multi-physics boundary plasma
code systems, such as e.g. SOLPS-ITER, which was and still
is heavily used for guiding the ITER divertor design [8], and
future experimental campaigns.

Powerful volumetric plasma-gas interaction mechanisms
are known to be operative in fusion machine reactors,
involving both resonant electron collisions—via resonant
D−

2 anion states—and near resonant positive atomic ion
(ion conversion, such as charge transfer channels) reactions.
Such resonant processes are believed to be a key ingredient
towards a quantitative understanding of the near target divertor
plasma dynamics, with their prominent effects also on dissoci-
ation degree, perhaps molecular-assisted additional volumet-
ric recombination channels, but certainly for establishing the
vibrational distribution of electronic ground molecules. Elim-
inating this latter from the unknown parts of fusion divertor
models by a reliable cross section database can be expected
to greatly improve the predictive and interpretative quality in
current fusion reactor divertor models and spectroscopy inter-
pretation tools. A recent account of the status of including such
resonant channels in fusion relevant collision radiative models
is given in [9], in which data for these resonant channels are
deduced from [10].

Another very important application in nuclear fusion field
is related to negative ion sources for neutral beam injection
system. In particular, electron-D2 vibrationally resolved pro-
cesses are of paramount importance for kinetic models [11]
simulating the production, transport, extraction, acceleration
and neutralization of negative ion beams to heat thermonuclear
reactors. In this regard, a relevant result is that sources oper-
ated with deuterium could not achieve the same performances
as a source operated with hydrogen at the same power and
pressure [12], indicating a strong isotopic dependence from
nuclear motion effects in these resonance channels, quite dis-
tinct from non-resonant electron collision systems. A recent
detailed experimental study of this well established isotope
effect in dissociative attachment (DA) resonance channels is
given by Krishnakumar et al [13].

A complete and updated set of deuterium cross sections is
crucial to model the plasma of negative ion sources for fusion,
which are currently routinely operated both with hydrogen and
deuterium [14]. Since the availability and access of plasma
diagnostics in these devices is limited due to construction and
operation constraints imposed by source optimization, it is
difficult to precisely monitor plasma parameters in the entire
source volume. A small size, low pressure helicon plasma
such as RAID [15], able to achieve high power hydrogen and
deuterium discharges and mimic the electron temperature and
density conditions of both the driver and the expansion region
of large negative ion sources for fusion, represents a versatile
testbench to validate numerical models. Dedicated particle-in-
cell and fluid modeling are currently underway to shed light
on transport and chemistry of hydrogen RAID plasma dis-
charges [16].

Aimed at supplying data for non-equilibrium plasma mod-
eling applications [17–19], a large number of theoretical [20–
23] and experimental [24–27] works, including a review [28],
have appeared for H2 cross sections. Moreover, recently,

results for H+
2 collisions with electrons [29–31], for the pro-

cess of dissociative recombination, have become available. In
spite of that, very little information exists in the literature about
D2 excitation and dissociation and, more generally, for the
nuclear fusion relevant D2, DT and T2 collision systems pro-
ceeding via their anion resonances.

In order to fill the lack of data, in this paper, we will con-
sider vibrationally-resolved resonant collisions by electron-
impact, for the processes of VE, DA and dissociative excita-
tion (DE), reported in table 1, involving the ground electronic
state—X 1Σ+

g —and the first two electronic excited states—
b 3Σ+

u andB 1Σ+
u —of theD2 molecule, which proceed through

the low lying and the Rydberg states of D−
2 resonances.

With regard to resonant scattering, it has been largely
demonstrated that, for the collisions with electrons at low
energy, it gives the dominant contribution in plasma kin-
etics [32–34]. The cross section calculations will be per-
formed in the so-called ‘local-complex-potential’ (LCP)
approach [35–38] and for the first time this methodology will
be applied for vibrational transitions among excited electronic
states.

In this work, we are interested in resonant scatterings:
the adiabatic nuclei approximation, often used to study elec-
tron molecule collision systems (see e.g. the molecular con-
vergent close-coupling calculations in [21] and references
therein), cannot be applied in this context. While the Rydberg
resonances—via high lying Rydberg states of the D−

2 anion—
have received attention in recent literature, the hitherto poorly
studied low lying resonances (via the X 2Σ+

u state of D−
2 ), are

of particular relevance for the 0.5–5 eV electron temperatures
in typical fusion detached divertor plasma scenarios. It is par-
ticularly this gap which we aim at in this paper with up to date
and ab initio theoretical calculations.

Themanuscript is organized as follows: in section 2we give
a brief overview on the Local Complex Potential theoretical
model used in the calculations and on themolecular input data;
in section 3 we discuss the results within a comparison with
cross sections presented in literature where available and we
show the isotopologue effect with H2. Finally, conclusions are
present in section 4 of the paper.

2. Theoretical model

In this section, we briefly introduce the LCP model: the theor-
etical framework we used to describe the resonant scattering
processes presented in table 1. In the phenomenology of res-
onant collisions, as a first step, the incident electron is tem-
porarily captured by the neutral target molecule forming a
unstable anionic system, the resonance, which is represen-
ted by the intermediate state in the reactions in the table 1.
After a characteristic lifetime—related to the so-called ‘res-
onance width’—the negative compound decays, leading to
a large spectrum of different final states, competing with
each other, including excitation or dissociation of the initial
molecule.

The LCP model is an effective quantum ab initio approach
which takes into account the molecular nuclear dynamics and

2



Plasma Phys. Control. Fusion 63 (2021) 085006 V Laporta et al

Table 1. List of the elementary processes, vibrationally-resolved, considered in the text. v and v ′ represent the vibrational levels and ϵc the
energy of continuum of the electronic states of D2 molecule.

Label Reaction

Vibrational excitation
VE1 e(ϵ)+D2(X 1Σ+

g ;v)→ D−
2 (X

2Σ+
u ,B

2Σ+
g ,C

2Σ+
g )→ e(ϵ ′)+D2(X 1Σ+

g ;v
′)

VE2 e(ϵ)+D2(X 1Σ+
g ;v)→ D−

2 (C
2Σ+

g )→ e(ϵ ′)+D2(B 1Σ+
u ;v

′)

VE3 e(ϵ)+D2(B 1Σ+
u ;v)→ D−

2 (C
2Σ+

g )→ e(ϵ ′)+D2(B 1Σ+
u ;v

′)

Dissociative electron attachment
DA1 e(ϵ)+D2(X 1Σ+

g ;v)→ D−
2 (X

2Σ+
u ,B

2Σ+
g )→ D(1s)+D−(1s2)

DA2 e(ϵ)+D2(X 1Σ+
g ;v)→ D−

2 (C
2Σ+

g )→ D(n= 2)+D−(1s2)
DA3 e(ϵ)+D2(B 1Σ+

u ;v)→ D−
2 (C

2Σ+
g )→ D(n= 2)+D−(1s2)

Dissociative excitation
DE1 e(ϵ)+D2(X 1Σ+

g ;v)→ D−
2 (X

2Σ+
u ,B

2Σ+
g ,C

2Σ+
g )→ e(ϵ ′)+D2(X 1Σ+

g ;ϵc)→ e(ϵ ′)+D(1s)+D(1s)
DE2 e(ϵ)+D2(X 1Σ+

g ;v)→ D−
2 (B

2Σ+
g ,C

2Σ+
g )→ e(ϵ ′)+D2(b 3Σ+

u ;ϵc)→ e(ϵ ′)+D(1s)+D(1s)
DE3 e(ϵ)+D2(X 1Σ+

g ;v)→ D−
2 (C

2Σ+
g )→ e(ϵ ′)+D2(B 1Σ+

u ;ϵc)→ e(ϵ ′)+D(2p)+D(1s)
DE4 e(ϵ)+D2(B 1Σ+

u ;v)→ D−
2 (C

2Σ+
g )→ e(ϵ ′)+D2(B 1Σ+

u ;ϵc)→ e(ϵ ′)+D(2p)+D(1s)
DE5 e(ϵ)+D2(B 1Σ+

u ;v)→ D−
2 (C

2Σ+
g )→ e(ϵ ′)+D2(b 3Σ+

u ;ϵc)→ e(ϵ ′)+D(1s)+D(1s)
DE6 e(ϵ)+D2(B 1Σ+

u ;v)→ D−
2 (C

2Σ+
g )→ e(ϵ ′)+D2(X 1Σ+

g ;ϵc)→ e(ϵ ′)+D(1s)+D(1s)

Table 2. Dissociating channels converging to the electronic states of D2 and D
−
2 considered in the text. Asymptotic limit positions are given

with respect to the D(1s)+D(1s) threshold.

Channel Limit Energy (eV) Symmetries

DE3, DE4 D(2p)+D(1s) +10.17 B 1Σ+
u

DA2, DA3 D(n= 2)+D−(1s2) +9.44 C 2Σ+
g

DE1, DE2, DE5, DE6 D(1s)+D(1s) 0.00 X 1Σ+
g , b

3Σ+
u

DA1 D(1s)+D−(1s2) –0.75 X 2Σ+
u , B

2Σ+
g

thus it is able to consider vibrational state resolved cross
sections. We restrict ourselves to the major equations of LCP
and for a comprehensive theoretical treatment of the reson-
ant collisions by electron-impact, we refer back to the ori-
ginal papers [35–38] and references therein. Recently, the
LCP model was widely used to determine low-energy dissoci-
ations by electron impact and VEs for the ground state of the
molecules of NO [39, 40], CO [41] andmolecular oxygen [42–
44], which gave results in good agreement with experiment.

With respect to the reactions in the table 1, in the fol-
lowing, we will refer to the electronic states of D2, by S =
{X 1Σ+

g ,b
3Σ+

u ,B
1Σ+

u }= {X,b,B} and to theD−
2 resonances,

by R= {X 2Σ+
u ,B

2Σ+
g ,C

2Σ+
g }= {X−,B−,C−}. The cor-

respondence between symmetry states and reaction channels
is reported in table 2.

According to the LCP approach, the cross sections for the
VE, DA and DE processes—in the rest frame of a D2 molecule
initially in vibrational level v of the electronic state s and for
an incident electron of energy ϵ—are given by:

σVE
s,v→s ′,v ′(ϵ) =

∑
r∈R

2Sr+ 1
(2Ss+ 1)2

gr
gs 2

64 π5m2

ℏ4
k ′

k

×
∣∣∣⟨χs ′v ′ |V s ′

r |ξrs,v⟩
∣∣∣2 , s,s ′ ∈ S , (1)

σDA
s,v (ϵ) =

∑
r∈R

2Sr+ 1
(2Ss+ 1)2

gr
gs 2

2π2 K
µ

m
k

lim
R→∞

×
∣∣ξrs,v(R)∣∣2 , s ∈ S , (2)

σDE
s,v (ϵ) =

∑
r∈R

2Sr+ 1
(2Ss+ 1)2

gr
gs 2

64 π5m2

ℏ4

×
ˆ ϵmax

ϵth
dϵc

k ′

k

∣∣∣⟨χs ′c |V s ′
r |ξrs,v⟩

∣∣∣2 , s,s ′ ∈ S ,

(3)

where 2Sr+1 and 2Ss+1 account for the spin-multiplicities
of the resonant anion state and of the neutral target state,
respectively, gr and gs represent the corresponding degener-
acy factors, m is the electron mass, µ is the reduced mass of
D2 nuclei, and k represents the incoming electron momentum.
For the VE and DE processes k ′ is the outgoing electron
momentum whereas for the DA process K is the asymp-
totic momentum of the final dissociating fragments D+D−.
χs

′

v ′ in equation (1) and χs
′

c in equation (3) refer to the
vibrational and continuum final wave function belonging to
the electronic state s ′ of D2, respectively. ⟨·| · |·⟩ stands for
integration over the internuclear coordinate R and the integ-
ral in the DE cross section extends into the continuum part
of the D2 potential from the dissociation threshold energy
ϵth, corresponding to the initial vibrational level v, up to
ϵmax = ϵth+ 50 eV.

3
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Table 3. Some spectroscopic proprieties and energy of vibrational
levels for the X 1Σ+

g and B 1Σ+
u electronic states of D2 molecule.

D2(X 1Σ+
g ) D2(B 1Σ+

u )

µ= 1835.741 a.u.
Req= 1.401 a.u. Req= 2.417 a.u.
De= 4.747 eV De= 3.568 eV
D0 = 4.555 eV D0 = 3.508 eV

v ϵXv (eV) v ϵBv (eV) v ϵBv (eV)

0 0.000 0 11.222 25 13.536
1 0.371 1 11.339 26 13.605
2 0.727 2 11.454 27 13.673
3 1.069 3 11.566 28 13.738
4 1.397 4 11.677 29 13.802
5 1.710 5 11.785 30 13.865
6 2.010 6 11.891 31 13.926
7 2.295 7 11.994 32 13.986
8 2.566 8 12.096 33 14.043
9 2.823 9 12.196 34 14.099
10 3.066 10 12.294 35 14.154
11 3.294 11 12.390 36 14.207
12 3.506 12 12.484 37 14.258
13 3.703 13 12.575 38 14.308
14 3.883 14 12.666 39 14.357
15 4.045 15 12.754 40 14.403
16 4.189 16 12.840 41 14.448
17 4.312 17 12.924 42 14.491
18 4.414 18 13.007 43 14.532
19 4.490 19 13.088 44 14.571
20 4.538 20 13.167 45 14.606

21 13.244 46 14.640
22 13.320 47 14.670
23 13.393 48 14.696
24 13.466 49 14.718

In equations (1)–(3), ξrs,v(R) is the resonant wave function
solution of the nuclear equation with total energy E= ϵsv+ ϵ:[

− ℏ2

2µ
d2

dR2
+V−

r (R)−
i
2
Γr(R)−E

]
ξrs,v(R)

=−V s
r (R)χ

s
v(R) , r ∈R, (4)

where V−
r (R) and Γr(R) represent the potential energies and

the autoionization widths for the D−
2 resonant states included

in the calculations and χsv is the wave function for the initial
vibrational state of electronic state s of D2 with energy ϵsv.

In the LCP formalism, V s
r is the discrete-to-continuum

coupling between the resonance r and the electronic state s
of target given by:

V s
r
2 =

ℏ
2π

Γsr
k
, r ∈R, (5)

where Γsr is the partial width of the resonance r with respect
to the electronic state s of the D2 molecule. The relationship
with the total width present in the equation (4) is given by:

Γr =
∑
s∈S

Γsr , r ∈R. (6)

In the calculations, we used the potential energy curves
of the H2 molecule for the ground state X 1Σ+

g [45, 46], for
the first repulsive excited state b 3Σ+

u [47] and for the B 1Σ+
u

[48] excited state but with a reduced mass µ= 1835.741 a.u.
of D2 nuclei. For the resonant states D−

2 , the complex
potential for the lowest valence was taken from papers
[49, 50] whereas the data for the Rydberg excited state
C 2Σ+

g come from the R-matrix calculation contained in the
paper [51].

Figure 1 summarizes the molecular data—the potentials for
D2 and D−

2 as well as the partial widths for the three reson-
ant states—used in the calculations. In the theoretical model,
integration over internuclear distances carrier out over the
interval R∈ [0.4, 15] a.u. The vibrational levels and the disso-
ciation energies for theX 1Σ+

g andB 1Σ+
u states of D2 molecule

are reported in table 3. Potentials in figure 1 and vibrational
levels in table 3 refer to rotational ground states (j= 0) in the
present work, and all cross sections in the following corres-
pond to rotational temperature TR= 0, i.e. j= j ′ = 0 for all
transitions.

3. Results and discussion

Figures 2 and 3 summarize the results of this work. They
present an overview over the full set of cross sections vibra-
tionally resolved for the ground electronic state X 1Σ+

g and
for the excited electronic B 1Σ+

u state of the D2 molecule
obtained in the LCP approach, for the processes listed in the
table 1. It should be noted, concerning the vibrational trans-
itions, that only inelastic excitations, i.e. for v ′ > v, the so-
called VEs, are shown in the plots: super-elastic transitions,
also known as vibrational de-excitation (VdE) processes, i.e.
for v ′ < v, can be obtained from the VE by the detailed balance
principle. If σVE

s,v→s ′,v ′(ϵ) represents the cross sections for the
inelastic transition, the corresponding VdE process with elec-
tron energy ϵ ′ is given by:

σVdE
s ′,v ′→s,v(ϵ

′) = σVE
s,v→s ′,v ′(ϵ

′ + ϵths,v→s ′,v ′)
ϵ ′ + ϵths,v→s ′,v ′

ϵ ′
,

(7)

where ϵths,v→s ′,v ′ = ϵs
′

v ′ − ϵsv is the threshold for the VE process
considered.

Analogously, the associative detachment cross section,
σAD
s,v , and its inverse process of DA are linked by balance detail

principle:

σAD
s,v (E) = σDA

s,v (E− ϵsv)
m(E− ϵsv)

µE
. (8)

Many features can be observed in the cross sections for
the ground state presented in figure 2. For low vibrational
levels, v< 5, the magnitudes of DA processes, DE1 and DE3
are negligible compared with mono- and bi-quantic VE trans-
itions. The dominant dissociating channel is represented by the
DE2 process, through the b 3Σ+

u state, because of the strong
couplings B− → b and C− → b (see plots on the right in

4
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Figure 1. (Plot on the left) Potential energy curves of D2 electronic states (solid blue lines) and of D
−
2 resonances (dotted red lines)

considered in the calculations. For sake of comparison the ground state of D+
2 (broken green line) is also shown. (Plots on the right) Partial

widths with respect to the neutral states of the three resonances included in the calculations as a function of the internuclear distance.

figure 1). As the vibrational levels increase and the first D−
2

threshold is reached, all DA and DE channels become import-
ant: for 5< v< 12 they are comparable to the VE and for
high vibrational levels, for v> 12, they are the dominant pro-
cesses. In particular, the DA1 channel become threshold-less
processes and the dissociation from DE1 process has the same
order of magnitude as DE2 channel.

Concerning specifically the VE cross sections, many oscil-
lating structures can be observed in the figure 2. In particular,
two sets of peaks can be distinguished: the first one ends at the
DA1 threshold and the second one, at higher energies, corres-
ponds to the DA2 process. This behavior can be traced back
to the vibrational structures of the resonances in D−

2 . On the
other hand, the processes VE2, i.e. the excitation to the B 1Σ+

u
state from the ground state, due to the Frank-Condon factors,
are inefficient for all vibrational levels and the correspond-
ing cross sections are represented by narrow spikes around
11 eV.

Regarding the processes starting from the B 1Σ+
u state of

D2, figure 3, a remarkable feature is given by the dissociation
toward the b 3Σ+

u state—channel DE5—which is the overall
dominant process: this behavior is favored by kinetics and in
particular by the strong coupling C− → b. On the opposite site,
DE6 dissociation, which leads to the same threshold as DE5,
is suppressed because of small coupling C− → X.

For high vibrational levels, as the threshold of the C 2Σ+
g

resonance is reached, the DA process DE3 becomes important.
As a matter of the fact no direct couplings exist between the
B 1Σ+

u and the lower resonances (see plots in figure 1), DA
toward the limit D(1s)+D−(1s2) is forbidden.

To further illustrate the results of this work, figure 4 con-
tains some selected reaction rates (Maxwellian electron dis-
tribution), for the ground state X 1Σ+

g of D2 molecule and for
the processes reported in table 1. These rates are given here
for initial vibrational states v= 0, 1, 10 and 20, and plotted as
a function of the electron temperature.

Globally, the behavior of the reaction rates follows those of
the corresponding cross sections. For low vibrational levels,
(see e.g. v= 0, 1), at low electron temperatures (≲104 K),
multi-quantum VEs and de-excitations (broken curves) will
play a important role in the plasma bulk whereas, at high
temperatures (>104 K), dissociation (DE1+DE2, curves with
circles in the figure) dominates and only mono- or bi-quantic
transitions will contribute to the kinetics.

Regarding medium vibrational levels, (see e.g. v= 10),
dissociative electron attachment process (DA1+DA2, curves
with diamonds in the figure) overcomes the dissociation and
for all range of electron temperatures is the major channel to
dissociate the D2 molecule. Vibrational transitions are import-
ant only at very low electron temperatures.
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Figure 2. Overview of vibrationally resolved resonant cross sections by electron impact for the ground state X 1Σ+
g of D2 molecule for the

processes of vibrational excitation (elastic and VE, solid lines), dissociative attachment (DA, dashed lines) and dissociative excitation (DE,
dotted lines) as obtained from the LCP model.

Finally, for very high vibrational levels, as expected, dis-
sociation reactions, DA1+DA2 and DE1+DE2, dominate
overall.

3.1. Comparison with data in the literature

In order to validate our LCP cross sections presented in
section 3, in figure 5we report comparisons with data available
in the literature. In the first plot, good agreement we observed
for the elastic process compared with the experimental res-
ults of Golden et al [52], in particular we correctly repro-
duce the main peak in the cross sections which has clearly a
resonant nature. As expected, LCP calculations underestimate
the behavior at high energy where non-resonant contributions
become important. On the other hand, at very low energy,
because nuclear spin effects are not included in our model,

the LCP cross section is not able to reproduce the anomalous
quasi-elastic electron scattering [53].

VE cross sections—i.e. the plots VE1(0→ 1), VE1(0→ 2)
and VE1(0→ 3)—compare well with the experiments of
Buckman and Phelps [54] and they present a similar global
shape as Biagi’s calculations [55] except for the peaks around
12 eV due to the C 2Σ+

g resonance. In the case of Biagi’s the-
oretical results, unfortunately no details regarding the LXCat
database nor on the theoretical method are given. The most
widely used cross sections so far seem to be the ones given
in [49], with numerical values at 6 eV and 8 eV collision
energies.

Concerning the DA processes, in the plot ‘D− production’,
we reproduce correctly the experimental results of Schulz
and Asundi [56] at low energies by DA1 cross section. At
higher energies, our results are in agreement with experiments

6



Plasma Phys. Control. Fusion 63 (2021) 085006 V Laporta et al

Figure 3. Same as in figure 2 but for the B 1Σ+
u excited state of D2 molecule.

of Rapp et al [57], to which we removed the background
from the cross section, and with the results of Krishnakumar
et al [13]. In particular we reproduce correctly the structure
around 10 eV fromDA1 channel and the peak at 14 eV of DA2
process.

The last plot ‘D+D production’ compares our DE1 and
DE2 channels for D2 dissociation with the results of Scarlett
et al [58], Trevisan and Tennyson [59] and Yoon et al [60].
Cross sections in the papers [58–60] share the same theoret-
ical approach of ‘adiabatic nuclei’ approximation—which is,
in principle, able to include non-resonant contributions—and
they refer to the dissociation only by the b 3Σ+

u state which
corresponds to our DE2 channel. As expected, our resonant
DE2 cross section reproduces correctly, at low energies, the
total dissociation via the b 3Σ+

u state and falls short of it at
high energies where non-resonant scattering dominates.

In the comparisons with experimental data, we checked the
discrepancy with the present results is around 15%. We there-
fore assume for the presented cross sections an uncertainty of
the same order of magnitude.

3.2. Isotopologue effect

Plots in figure 6 report the isotopologue effect of D2 and H2

molecules on cross sections for some selected processes. We
have calculated, in the same LCP theoretical approach as for
D2, some of the corresponding cross sections also for the H2

system. A full comparative study with all cross sections will
be subject to future work.

The first difference we remark is in the threshold: in fact,
because the vibrational levels for H2 are systematically shifted
up compared to those of D2 with same vibrational quantum

7
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Figure 4. Selected vibrationally resolved Maxwellian rate coefficients for initial vibrational states v= 0, 1, 10 and 20, as a function of the
electron temperature, for the ground state X 1Σ+

g of D2 molecule and for the processes of vibrational excitation, dissociative attachment and
dissociative excitation as obtained from the LCP model.

Figure 5. Comparison of cross sections obtained in the LCP approach with data present in the literature by Golden et al [52], Buckman
and Phelps [54], Pitchford et al [55], Schulz and Asundi [56], Rapp et al [57], Krishnakumar et al [13], Scarlett et al [58], Trevisan
and Tennyson [59] and Yoon et al [60] for the processes indicated in the plots.

numbers, the thresholds for DA and DE processes for H2

decrease compared with those for D2. Similarly, as a con-
sequence of the fact that the spacing between vibrational levels
is smaller for D2 than for H2, the threshold for the VE cross
sections increases for H2.

Concerning the magnitude and the shape of the cross
sections, in general, H2 has the same trend as D2 but shif-
ted towards higher energies. However, in some cases, see for

example the 5→6 VE transitions, the structure of the resonant
peaks is completely different.

We should point out, in particular, the factor of about 200
difference between H2 and D2, in the DA cross sections for
v= 0, and for the 4 eV resonance. This is to be regarded as
the major isotope effect for fusion plasmas: no DA process
in deuterium plasmas are relevant at these collision energies,
but in hydrogen plasmas still some noticeable H− production

8



Plasma Phys. Control. Fusion 63 (2021) 085006 V Laporta et al

Figure 6. Isotopologue effect on cross sections of D2 (solid line) and H2 (dashed line) molecules for some processes of vibrational
excitation, dissociative attachment and dissociative excitation.

(and subsequent mutual neutralization with protons) might be
a relevant process channel. In fusion (divertor) plasmas one
expects mostly v= 0 (or small amounts of v= 1, 2) vibra-
tional states. Furthermore only the lowest 4 eV resonance
(first peak in DA1 cross sections) should play a role, because
molecules are rapidly destroyed. This strong suppression of
the lowest DA1 channel in D2 as compared to H2 confirms,
once again, the older findings, e.g. already of Rapp et al
[57].

4. Conclusions

In conclusion, in this work, we presented a theoretical study
on vibrationally-specific cross sections for electron deuterium
resonant collisions within LCP formalism. We took into
account three states of neutral deuteriummolecule—including
the ground X 1Σ+

g , the dissociative b 3Σ+
u and the electronic

B 1Σ+
u states—and three resonances of D−

2 anion. In our ana-
lysis, we considered the elementary processes listed in the
table 1. In particular, for the first time, the LCP approach has
been applied to study vibrational transitions and dissociation
processes between different electronic states.

We observed the magnitude of the cross sections and the
relative importance of the reactions varying over a large range
of energy and in particular as a function of the initial electronic
state and vibrational levels. This behavior relies basically on
the specific coupling between the electronic states of the neut-
ral D2 and the anionic resonances.

Finally, we found good agreement with experimental data
available in literature.

In the future works, we plan to extend the present calcula-
tions including excitation to other electronic excited states of
D2. In particular, for the couplings to the 1,3Π states.Moreover,
we intent to improve the model at low energies (temperatures)
in order to determine rotational transitions.
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