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Rate coefficients for dissociative recombination and state-to-state rotational transitions of the D+
2

ion induced by collisions with very low-energy electrons have been reported following our previous
studies on HD+ and H+

2 [9, 10]. The same molecular structure data sets, excitations (N+
i →

N+
f = N+

i + 2 for N+
i = 0 to 10) and de-excitations (N+

i → N+
f = N+

i − 2, for N+
i = 2 to 10)

were used for collision energies ranging from 0.01 meV to 0.3 eV. Isotopic effects for dissociative
recombination and rotational transitions of the vibrationally relaxed targets are presented.

PACS numbers: 33.80. -b, 42.50. Hz

I. INTRODUCTION

Among many ”cold” ionised environments, in the dif-
fuse interstellar media and planetary atmospheres, elec-
trons are presumed to be one of the most important ex-
citing species for molecular cations. Recent studies based
on astrophysical observations and calculations regarding
diatomic and polyatomic molecular charged species [1–5]
show that the cross sections of electron impact rotational
transitions of molecular cations significantly exceed those
obtained by atomic and/or molecular impact.

At very low electron collision energy, the electron-
impact induced rotational transitions of the vibrationally
relaxed molecular cations:

AB+(N+
i , v

+
i = 0)+e−(ε) −→ AB+(N+

f , v
+
f = 0)+e−(ε′)

(1)
are in strong competition with the dissociative recombi-
nation:

AB+(N+
i , v

+
i = 0) + e−(ε) −→ A + B, (2)

Here N+
i /N

+
f and v+

i /v
+
f stand for the initial/final ro-

tational and vibrational quantum numbers of the cation
and ε/ε′ the kinetic energy of the incident/scattered elec-
trons.

Recently, in the Le Havre group, several studies were
performed on the electron-induced reactions of H+

2 and
HD+ [6–11]. State-to-state cross sections and rate coeffi-
cients were reported for ro-vibrational transitions includ-
ing inelastic collisions (IC, N+

i < N+
f and/or v+

i < v+
f ),

super-elastic collisions (SEC, N+
i > N+

f and/or v+
i >

∗mezei.zsolt@atomki.hu

v+
f ), dissociative recombination (DR) and - at high colli-

sion energies - dissociative excitation (DE).

The calculations were performed within the framework
of our stepwise multichannel quantum defect theory [12,
13] (and references therein).

These results were compared with experimental re-
sults obtained for HD+ and H+

2 on different merged
beam [14, 15] and storage ring experiments performed at
the Heidelberg Test Storage Ring [16–19] and the Aarhus
Astrid Storage Ring [20]. The calculated cross sections
and rate coefficients agree satisfactorily with the mea-
sured ones for both DR and ro-vibrational excitation pro-
cesses.

It is also interesting to report that simple deuterium
chemistry has been suggested to take place in the primor-
dial conditions, where essentially only Hydrogen, Deu-
terium and Helium elements are present [21]. The pres-
ence of HD, with its small permanent dipole moment,
may indeed contribute to the cooling of the medium.
Several groups have explicitly introduced coupled Hydro-
gen/Deuterium/ Helium chemistry as emphasized in the
review paper of [22]. However, to our knowledge, only
[23] have explicitly introduced multiple deuterated com-
pounds in this context, including D+

2 , HD+
2 and D+

3 and
conclude their paper by emphasizing the large uncertain-
ties present in their deuterium chemistry and claim for
additional studies on the topic. As an example, they sug-
gest that the dissociative recombination rate coefficient
of D+

2 is equal to 1.2 × 10−8( T
300 )−0.4, which is equal to

their estimate of the H+
2 dissociative recombination rate

coefficient. The aim of the present study is to overcome
that assumption and to explicitly consider the different
nuclear effects for the dissociative recombination of the
heavy D+

2 molecular ion, as a natural extension of previ-
ous studies on H+

2 and HD+ [9, 10].

The paper is organised as follows. In section II we
briefly describe our theoretical approach. Rate coeffi-
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cients and their comparison with previous results are
presented in section III, and the conclusions follow in
section IV.

II. THEORETICAL METHOD

The efficiency of our theoretical method in modelling
the electron/diatomic cation collisions, based on the step-
wise Multichannel Quantum Defect Theory (MQDT),
has been proved in many previous studies on differ-
ent species, including H+

2 and its isotopologues [6–11],
CH+ [13], SH+ [24], etc. The general ideas of our ap-
proach were already presented in detail many times, see
for example [13] and, therefore, here we restrict ourselves
to its major steps.

The reactions (1) and (2) involve ionization channels
- characterising the scattering of an electron on the tar-
get cation - and dissociation channels - relating to atom-
atom scattering. The mixing of these channels results in
quantum interference of the direct mechanism - in which
the capture takes place into a doubly excited dissocia-
tive state of the neutral system - with the indirect one -
in which the capture occurs via a Rydberg bound state
of the molecule belonging to a closed channel, this state
being predissociated by the dissociative one. In both
mechanisms the autoionization - based on the existence
of open ionization channels - is in competition with the
predissociation, and can lead to the excitation or to the
de-excitation of the cation.

More specifically, each of the ionization channels, built
by adding an electron to the D+

2 ion in its ground elec-
tronic state X 2Σ+

g in a particular vibrational level, in-
teracts with all the dissociation exit channels (Rydberg-
valence interaction) for all the relevant symmetries (1Σ+

g ,
1Πg, 1∆g, 3Σ+

g , 3Πg, 3∆g, 3Σ+
u , and 3Πu). Depending on

the total energy of the system these ionization channels
can be open - either as entrance channels, describing the
incident electron colliding the ion in its ground electronic
state, or exit channels, describing the auto-ionization, i.e.
resonant elastic scattering, ro-vibrational excitation and
de-excitation - or closed - describing the resonant tempo-
rary captures into Rydberg states.

The MQDT treatment of DR and rotational transi-
tions requires the a priori knowledge of the potential
energy curves (PECs) of the ion ground state and the
relevant doubly excited, dissociative states of the neu-
tral molecule, as well as for the Rydberg series of mono-
excited states represented by the quantum defects. The
driving forces of the the recombination and excitation
processes are the electronic couplings that connects the
dissociative and ionization continua.

At low collision energies, besides the type of the cross-
ing of the neutral states with the ground ion state
(favourable or less favourable crossing), the rotational
couplings among the neutral states with different sym-
metries are of key importance [9]. In our calculations
the 1Σ+

g symmetry rotationally couples to 1Πg and 1∆g,
3Σ+

g couples to 3Πg and 3∆g and, finally, 3Σ+
u couples to

3Πu. For the remaining symmetries the electronic cou-

plings are for at least two orders of magnitude smaller
so they can be neglected. Most of these data were ex-
tracted from ab initio molecular structure calculations of
Wolniewicz et al [25–28], completed by R-matrix calcu-
lations of [29] and [30]. For each of the symmetries in-
volved, only the lowest dissociative states are considered
since they are the relevant ones in low-energy collisions.
As for the ionization channels, the partial waves consid-
ered for the incident electron were s and d for the 1Σ+

g

states, d for 1Πg, 1∆g, 3Σ+
g , 3Πg and 3∆g, and p waves

for 3Σ+
u , and 3Πu.

The first step in our approach is to build the interac-
tion matrix V that drives the collision, whose elements
quantify the couplings between the different channels -
ionization and dissociation ones.

Once the V-matrix is built, we construct the short-
range reaction matrix K of the collision, as a second order
perturbative solution of the Lippmann-Schwinger equa-
tion. The diagonalized version of the K-matrix (in the
eigenchannel representation) whose eigenvalues are ex-
pressed in terms of long range phase-shifts of the eigen-
functions, together with the vibronic couplings between
the ionization channels, serve for the building of the
frame transformation matrices.

Applying a Cayley transformation on these latter ma-
trices we can set up the generalized scattering matrix X.
The Seaton’s method of ’eliminating’ the closed chan-
nels [31] is then employed, resulting in the physical scat-
tering matrix S:

S = Xoo −Xoc
1

Xcc − exp(−i2πν)
Xco , (3)

relying on the block-matrices involving open (Xoo), open
and closed (Xoc and Xco) and closed (Xcc) channels.
The diagonal matrix ν in the denominator of equation (3)
contains the effective quantum numbers corresponding
to the the vibrational thresholds of the closed ionisation
channels at given total energy of the system.

Finally, the global cross section for the dissociative re-
combination and for the rotational transitions - Rota-
tional Excitation/de-Excitation (RE/RdE) and resonant
elastic scattering of a vibrationally-relaxed ion reads as:

σdiss←N+
i

=
∑

Λ,sym

π

4ε
ρ(sym,Λ)

∑
N

2N + 1

2N+
i + 1

×

×
∑
l,j

| S(sym,Λ,N)

dj ,N
+
i l

|2,
(4)

and

σN+
f ←N+

i
=
∑

Λ,sym

π

4ε
ρ(sym,Λ)

∑
N

2N + 1

2N+
i + 1

×

×
∑
l,l′

| S(sym,Λ,N)

N+
f l′,N+

i l
− δN+

i N+
f
δl′l |2,

(5)

where sym is referring to the inversion symmetry - ger-
ade/ungerade - and to the spin quantum number of the
neutral system, N stands for its total rotational quantum
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FIG. 1: Cross section (black thin line) and thermal rate coefficient (red thick line) of dissociative recombination (left panel)
and rotational excitation (right panel) of ground state D+

2 (X 2Σ+
g , N+

i = 0, v+i = 0). The thermal rate coefficients are scaled

by 10−5 and 10−6 respectively.

number (for more details see Table 1. from [32]), N+
i /N

+
f

denote the initial/final rotational quantum number of the
cation and ρ(sym,Λ) is the ratio between the multiplicities
of the neutral system and of the ion.

The thermal rate coefficients have been obtained by
the convolution of the cross section with the Maxwellian
isotropic energy distribution function for the free elec-
trons:

α(T ) =
2

kT

√
2

πmkT

∫ +∞

0

σ(ε)ε exp(−ε/kT )dε, (6)

where m is the mass of the electron, T stands for the
temperature and k is the Boltzmann constant.

III. RESULTS AND DISCUSSIONS

Applying the stepwise MQDT method outlined in the
previous section we have calculated the dissociative re-
combination (eq. (4)), and rotational transition (excita-
tion and de-excitation) (eq. (5)) cross sections of D+

2 for
its lowest 11 (N+

i = 0−10) rotational levels of its ground
vibrational level (v+

i = v+
f = 0). The electron impact

collision energies range between 0.01 and 300 meV. Con-
voluting these cross sections conform eq. (6), we obtain
the DR, RE and RdE thermal rate coefficients for elec-
tron temperatures ranging between 10 and 1000 K.

In Figure 1 we show a typical behaviour of the DR
(N+

i = 0, left panel) and of the RE (N+
i = 0→ N+

f = 2,

right panel) cross sections and their thermal rate coeffi-
cients. In black we represent the cross sections as func-
tion of collision energy while in red we give the scaled
rate coefficients as function of the electron temperature,
the scaling factors being also given. In the left panel one
can notice how the cumulation of the narrow constructive
Rydberg resonances at about 6 meV will produce a max-
imum in the shape of the DR rate coefficient. The right
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FIG. 2: Maxwell rate coefficients for the rotational excitation
N+

i → N+
f = N+

i + 2, with N+
i = 0 to 10 of the vibrationally

relaxed (v+i = 0) D+
2 (X 2Σ+

g ).

panel of the same figure gives us the general form of the
RE rate coefficient, where the sharp threshold present
in the cross section is averaged out into a monotonically
increasing function. Figure 2 shows the rate coefficient
for the consecutive N+

i → N+
i + 2 excitations - allowed

by the selection rules - for N+
i = 0− 10 initial rotational

quantum numbers. One can notice that their magnitudes
are monotonically decreasing as N+

i is increased.

Contrary to this, the DR Maxwell rate coefficients
shows a more complicated behaviour as function of elec-
tron temperature and target initial rotational quantum
number, as one can see in Figure 3. The rate coefficients
obtained for the different initial rotational levels vary be-
tween one and two orders of magnitude as function of the
electron temperature. Up to 200 K, the most populated
target rotational level (at local thermal equilibrium) gives
the major contributions to the rate coefficient. Above
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FIG. 3: Maxwell rate coefficients for the dissociative recom-
bination of D+

2 (X 2Σ+
g , v

+
i = 0) as a function of its initial

rotational levels, N+
i , varying from 0 to 10.
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coefficients for N+

i = 0 to 3, for the vibrationally relaxed
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FIG. 7: Isotopic effects in rotational de-excitation: rate coef-
ficients for N+

i → N+
f = N+

i −2 transitions, N+
i = 2 to 5, for

the vibrationally relaxed X2Σ+
g H+

2 , HD+ and D+
2 systems.

TABLE I: Comparison of Maxwell rate coefficients (in cm3

s−1) for N+
i → N+

f = N+
i + 2 rotational excitations of H+

2 ,

HD+ and D+
2 by collision with electrons at room temperature

(T = 300 K).

N+
i H+

2 HD+ D+
2

0 4.27473E-7 5.20549E-7 6.40280E-7
1 1.47448E-7 2.06564E-7 2.91847E-7
2 7.30450E-8 1.16444E-7 1.88170E-7
3 4.0060E-8 7.26357E-8 1.32346E-7
4 2.30159E-8 4.70647E-8 9.65611E-8
5 1.36503E-8 3.12933E-8 7.16222E-8
6 8.54116E-9 2.15608E-8 5.46144E-8
7 5.56954E-9 1.49720E-8 4.19320E-8
8 3.69408E-9 1.04648E-8 3.26509E-8
9 2.45815E-9 8.02520E-9 2.57048E-8
10 1.72925E-9 5.91376E-9 2.03948E-8
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TABLE II: Fitting parameters for the formula (7), corresponding to the rate coefficients for dissociative recombination of
vibrationally relaxed D+

2 on its lowest 11 rotational levels (N+
i = 0 − 10, v+i = 0) with electrons of temperature in the range

10− 1000 K.

N+
i a0(cm3 s−1) a1 a2(K) a3(cm3 s−1) a4 a5(K) RMS

0 1.61858E-9 -0.026610 1.35036 2.97304E-9 -1.38979 57.3832 0.00841
1 2.41400E-9 -0.281201 1.25069 1.15502E-10 -2.87398 137.585 0.01566
2 3.58811E-9 -0.609918 10.6046 1.24094E-8 -1.41135 264.577 0.00977
3 6.49161E-10 0.092753 -8.57227 3.73310E-9 -0.674586 54.0504 0.00723
4 1.43940E-9 -0.07285 8.76012 3.71294E-9 -0.873084 93.3021 0.01135
5 5.20107E-9 -0.804386 15.7873 6.03106E-9 -0.885171 164.260 0.00710
6 3.40860E-9 -0.737167 5.06339 6.55842E-9 -0.945548 72.6807 0.00601
7 1.56377E-9 -0.662548 4.60987 6.96067E-9 -0.800087 73.4612 0.00647
8 5.08388E-9 -0.677241 -1.88673 4.75096E-9 -0.792344 78.2720 0.00783
9 7.44652E-9 -0.615038 1.93963 3.35883E-9 -1.079090 140.250 0.00843
10 4.02898E-9 -0.531062 3.93537 8.19758E-9 -0.827386 54.8747 0.00878

this temperature the higher rotational quantum numbers
become more and more important. Depending on the ro-
tational quantum number of the initial state of the tar-
get, the rates show various temperature dependencies,
from the smoothly decreasing behaviour to more general
functions showing at least one maximum - see Figure 1.
While for low rotational quantum numbers the DR rate
coefficients are exceeded by RE already at electron tem-
peratures smaller then 50 K, for N+

i = 10 target this
takes place at T ∼ 300 K only.

The thermal rate coefficients obtained for the N+
i →

N+
f = N+

i −2 rotational de-excitations of D+
2 for N+

i = 2

to 10 and v+
i = v+

f = 0 are given in Figure 4. The mag-
nitude of rate coefficients increase with the initial rota-
tional quantum numbers. It is also notable that below
1000 K, they are larger then those of the dissociative re-
combination.

In Figure 5 we compare the thermal rate coefficients for
the rotational excitation from the lowest four rotational
levels of H+

2 (continuous black line), HD+ (dotted red
line) and D+

2 (dashed blue line). The isotopic effects
mainly due to the sharp thresholds are notable (notice
the use of the logarithmic scale). We found that heavier
the isotopologue, the larger the rate coefficient. This
effect is quantified in table I for the first eleven initial
rotational levels of the targets for collisions taking place
at T = 300 K temperature.

Figure 6 presents the isotopic effects obtained for DR
for the lowest four rotational quantum numbers of the vi-
brationally relaxed target. Due to the very different de-
pendence of the DR process on the initial and final chan-
nels with respect to the rotational excitation, we obtain
different isotopic effects compared to those of Figure 5.
Except for N+

i = 2 case where the rate for D+
2 is very

close to that of H+
2 and exceeds the one of HD+ and for

N+
i = 3 for T = 40 − 400 K, the rates obtained for the

heaviest isotopologue are the smallest among all.

Similarly to DR and RE, in figure 7 we have compared
the RdE rate coefficients for the three isotopologues for
the lowest four ∆N = −2 transitions. The dependence of
the RdE on the initial and final channels and the lack of
threshold effects, in contrary to RE, lead to the a slight
isotopic effect.

In order to facilitate the use of our recombination, exci-
tation and de-excitation rate coefficients for kinetic mod-
elling, we have fitted their temperature dependence by
using Arrhenius-type formulas.

For the DR we used:

α(T ) = a0

(
T

300

)a1

e−
a2
T + a3

(
T

300

)a4

e−
a5
T , (7)

and for the rotational transitions:

α(T ) = a0

(
T

300

)a1

e−
a2
T , (8)

where T is in Kelvin and α in cm3s−1. The fitting param-
eters for the DR of the lowest 11 rotational levels of the
target, the 9 rotational de-excitation and 11 rotational
excitation rate coefficients are summarized in tables II,
III and IV. For all the processes, the fitted values repro-
duce well our MQDT rate coefficients, according to the
RMS values given in the forth column of each table in
the whole temperature range from 10 < T < 1000 K.

In addition to the consecutive transitions we have also
calculated the rate coefficients for rotational transitions
with ∆N+ = 4. We have found that they are about
two orders of magnitude smaller than those obtained
for ∆N+ = 2 for the same initial rotational quantum
number. Consequently, we have omitted them from the
present paper. And finally, besides the symmetry allowed
∆N+ = 2, 4 rotational transitions of the H+

2 and D+
2

cations one has to mention that the ∆N+ = 1 rotational
transitions in HD+ are significant due to the existing per-
manent dipole moment (µ = 0.85 Debye) [16]. The theo-
retical treatment of these transitions due to the inexistent
”gerade-ungerade” couplings is a serious challenge.

IV. CONCLUSIONS

In the framework of the stepwise multichannel quan-
tum defect theory we have calculated cross sections be-
tween 0.01 meV and 0.3 eV, and consequently thermal
rate coefficients between 10 and 1000 K, for dissociative
recombination and rotational excitation/de-excitation of



6

TABLE III: Fitting parameters for the formula (8), corre-
sponding to the rate coefficients for rotational de-excitation
N+

i → N+
f = N+

i −2 of vibrationally relaxed (v+i = 0) D+
2 on

its rotational levels N+
i = 2−10 with electrons of temperature

in the range 10− 1000 K.

N+
i a0(cm3 s−1) a1 a2(K) RMS

2 1.94131E-7 -0.502252 0.006921 0.00745
3 2.51942E-7 -0.503619 0.401653 0.00813
4 2.77168E-7 -0.503306 0.185143 0.00724
5 2.93427E-7 -0.503931 0.145077 0.00697
6 3.03986E-7 -0.502306 0.044583 0.00208
7 3.12123E-7 -0.490849 0.120819 0.01280
8 3.19233E-7 -0.503000 -0.053667 0.00742
9 3.26264E-7 -0.506715 0.214215 0.00178
10 3.29173E-7 -0.504694 -0.042102 0.00713

TABLE IV: Fitting parameters for the formula (8), cor-
responding to the rate coefficients for rotational excitation
N+

i → N+
f = N+

i +2 of vibrationally relaxed (v+i = 0) D+
2 on

its rotational levels N+
i = 0 − 10 with electrons of tempera-

ture between Tmin and 1000 K, where Tmin is the temperature
below which the rate coefficient is lower than 10−14 cm3s−1.

N+
i Tmin(K) a0(cm3 s−1) a1 a2(K) RMS

0 10 9.80558E-7 -0.510696 128.209 0.02427
1 11 5.98558E-7 -0.528565 215.309 0.06229
2 16 5.16852E-7 -0.541313 302.347 0.09660
3 20 4.88827E-7 -0.560415 390.647 0.14360
4 25 4.80191E-7 -0.582399 479.527 0.18399
5 29 4.77666E-7 -0.603300 567.434 0.21397
6 33 4.81761E-7 -0.624484 651.362 0.23555
7 37 4.87513E-7 -0.645269 734.352 0.24984
8 41 4.96209E-7 -0.666460 814.971 0.25815
9 45 5.07156E-7 -0.687319 893.630 0.26111
10 49 5.17958E-7 -0.709294 969.819 0.25649

electrons with D+
2 (X2Σ+

g ) ions for their lowest 11 rota-

tional levels and in their ground vibrational level v+
i =

v+
f = 0.
In our model we have accounted for all relevant elec-

tronic states and symmetries of the cation target, for all
relevant rotational and vibronic electronic couplings, by
taking into account the quantum interference among the
direct and indirect mechanisms.

The obtained rate coefficients show strong dependence
on the initial rotational state of the molecular target.

We have compared the present dissociative recombina-

tion and rotational excitation/de-excitation coefficients
obtained for D+

2 with similar rate coefficients previously
calculated for H+

2 and HD+ isotopologues. They cru-
cially depend on fine balance between the initial and fi-
nal channels and threshold effects. For rotational excita-
tion we observe that heavier the cation, larger the rate
coefficient, while for de-excitation we get only a slight
isotopic effect. The strongest initial/final channel depen-
dence can be observed for the dissociative recombination.
The obtained isotopic differences clearly put in evidence
the importance of the present results especially for kinetic
modelling of the environments where deuterated species
are present.

These results complement significantly the recent in-
vestigations on the other main competing destructive
channels of H+

2 , HD+ and D+
2 via their reactions with

H2, HD and D2 that produce the H+
3 , H2D+ , D2H+ and

D+
3 triatomic ions [33], allowing to remove significant un-

certainties of previous studies.
The numerical data, ready to be used in the kinetic

modelling in astrochemistry and cold plasma physics will
be available upon request.
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