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We have investigated the double electron capture process in the Hþ þ H− collision system for energies
from 60 eV to 20 keV. Despite the apparent simplicity of this highly correlated system, all previous
calculations fail to reproduce the experimental total cross sections. Moreover, the latter exhibit oscillations
that have been previously attributed to quantum interferences between the gerade and ungerade ionic states
of the transient molecule formed during the collision. For this process, we present the absolute cross
sections obtained from a fully correlated two-active-electron semiclassical atomic-orbital close-coupling
approach. Our results reproduce well the experimental data in both magnitude and shape. Furthermore, we
demonstrate that the oscillations stem from coherence effects between double electron capture and other
two-electron inelastic channels, namely the transfer-excitation processes. This alternative interpretation is
supported by a Rosenthal-like model based on a molecular treatment of the collision. Our results shed new
light on this old but challenging problem.
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Inelastic electron processes in atomic collisions play a
central role in many fields, such as plasma physics [1],
astrophysics [2], and radiation chemistry [3]. While single
electron processes are fairly well understood, our knowl-
edge on multielectron ones is far from complete. A striking
example is the Hþ þ H− collision system. As a benchmark,
it has been extensively investigated for more than five
decades. Despite its apparent simplicity, a complete
description of the electronic dynamics of this system
remains a challenge owing to the predominant role of
the electronic correlation. Most of the previous works
focused on single electron capture (SEC) processes, i.e.,
the mutual neutralization of Hþ and H− [4–13]. Studies of
double electron capture (DEC) are however more scarce.
The cross sections of DEC were firstly measured by
Brouillard et al. [14] in 1979, for impact energies ranging
from 60 to 400 eV. In the same year, Peart and Forrest [15]
extended these measurements for energies up to about
1 keV. More recently, Braüning et al. [16] resumed this
study for higher energies up to 25 keV. The three series
of experiments show that the DEC cross section oscillates.
These oscillations have been attributed to quantum inter-
ferences between the gerade and ungerade ionic states of
the transient molecule formed during the collision [16,17].
However, all previous theoretical investigations of DEC
process failed to reproduce the experimental oscillations
and/or the magnitude of the cross section, illustrating the
complexity of this collision system.
In parallel with their experimental investigation, in [14]

the authors modeled the DEC process using a semiclassical
method based on molecular states of H2. They obtained

cross sections that exhibit an oscillatory pattern but were
one order of magnitude larger than the experimental ones.
Later, semiclassical calculations extended the study to
energies up to several keV [9,10]. The cross sections were
again too large and the oscillations observed in the
theoretical cross sections were not consistent with the
measured ones. More recently, Braüning et al. [16] and
Mezei et al. [17] evaluated the DEC cross section using
molecular treatments, with a rather simple two-state model
in the first case and using a fully quantum treatment in the
latter. They both overestimate the cross section by at least
one order of magnitude. Furthermore, the latter calculations
focused in the low impact energy domain, E ≤ 90 eV, with
a limited overlap with the experimental investigations.
In this Letter, we present extensive ab initio calculations

which cover a wide collision energy domain overlapping
with the three series of experiments. Our calculated cross
section reproduces in an unprecedented way the exper-
imental one [14–16] in both magnitude and overall oscil-
latory structure. Furthermore, our investigation suggests
that the observed oscillations come from a more complex
mechanism than the one discussed so far.
We use a fully correlated two-active-electron semiclass-

ical atomic-orbital close-coupling (AOCC) method, which
has been previously described in e.g., [18–20]. The treat-
ment is semiclassical in that the relative target-projectile
motion is described by classical straight-line constant
velocity trajectories [21], while the electronic dynamics
is treated quantum mechanically, by solving nonperturba-
tively the time-dependent Schödinger equation. The latter is
solved by expanding the total electronic wave function
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into the eigenstates of the isolated collision partners. The
semiclassical method and the AOCC expansion are well
established approaches and have proven to be accurate in
the whole range considered in this work (see [19,23]). In
the present calculations, these eigenstates are obtained by
diagonalizing the corresponding Hamiltonian matrices in
the basis set of properly antisymmetrized products of a set
of 45 Gaussian-type orbitals (GTOs) (11 for l ¼ 0, 8 × 3
for l ¼ 1, and 2 × 5 for l ¼ 2). This allows the inclusion of
1977 one- and two-electron states, describing elastic, SEC
and DEC channels, as well as ionization through the
inclusion of 1446 pseudostates of energy lying up to
1 a.u. above ionization thresholds. Convergence tests have
been performed by comparing the present results with those
from two different basis sets, using 32 (9 for l ¼ 0, 6 × 3
for l ¼ 1, and 1 × 5 for l ¼ 2) and 55 (11 for l ¼ 0, 8 × 3
for l ¼ 1, and 4 × 5 for l ¼ 2) GTOs [24], respectively.
The convergence was evaluated to be about 10% for
impact energies above 0.2 keV and smaller than 30% for
lower energies.
In Fig. 1, our calculated DEC cross sections are

presented and compared with available experimental
[14–16] as well as theoretical [9,10,14,16,17] results.
Although slightly higher than the experimental ones at
the lowest collision energy, our cross sections are in good
agreement with experiments over the whole collision
energy range. Furthermore, the cross section shows a clear
oscillatory structure whose period increases with increasing
impact energies.
Our results are the first ones to reproduce well the

experimental data in both magnitude and shape. We now
compare our approach to the previous theoretical methods
in order to elucidate what ingredients are needed to describe
accurately the DEC process in such a complex system.

The main differences between our calculations and the
previous ab initio ones [9,10,14,17] are (i) the use of much
larger basis sets, (ii) the full treatment of electronic
correlation, and (iii) the inclusion of pseudostates which
span approximately the electron continuum. The latter
point is particularly important since ionization dominates
the DEC process: the ionization cross section was measured
by Melchert et al. [25] and Peart et al. [26] in the keV
energy range. These cross sections are in the order of
10−16–10−15 cm2 between 100 eV and 20 keV, in good
agreement with our calculations (see Supplemental
Material [27]), thus exceeding the DEC cross section.
Furthermore, we have performed additional calculations
without including the pseudostates (i.e., neglecting ioniza-
tion). The DEC cross sections increase by up to a factor of
2 at low energies and are very close to the previous results
of [17] and [9]. We therefore think that taking into account
properly the ionization process is essential to reproduce
quantitatively the DEC cross section.
We have further investigated the oscillatory structure in

the DEC cross section based on our ab initio calculations.
In Fig. 2(b) we present as functions of the inverse of
the relative velocity, 1=vp, the cross sections of the DEC
process together with the ones corresponding to the two-
electron transfer-excitation (TE) processes, i.e., transfer
of one electron to the ground state of the projectile while
the second target electron is excited to the L shell. The
experimental results [14–16] for DEC are presented in
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FIG. 1. Double electron capture cross sections as functions of
the impact energy. The present results are shown as a black line.
Experimental and theoretical results are reported as points and
lines, respectively.
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FIG. 2. (a) Experimental results for DEC cross sections as
functions of 1=vp. (b) Present double electron capture and
transfer-excitation (TE) cross sections as functions of 1=vp. In
the inset, the present cross sections for TE to Hð1sÞ þ Hð2lÞ are
presented and compared with the coupled-channel calculations
reported in [9].
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Fig. 2(a) for comparison. To our knowledge, the state-to-
state cross section for the TE processes have never been
reported experimentally.
In Fig. 2(b) both the DEC and TE cross sections show

clear periodic oscillations but with opposite phases, which
suggests that the oscillatory patterns come from coherence
effects between DEC and TE processes. Such interpretation
is different from previous explanations [16] that attributed
the oscillations to the interferences between the gerade and
ungerade molecular curves describing the ion-pair (elastic
and double capture) channels. As discussed in [16], the
period of the oscillations should depend on the energy
difference between the gerade and ungerade states of the
pseudomolecule formed. However, using the potential
energy curves of H2 one has to introduce in the model
ad hoc (i) cutoff and (ii) increase of the magnitude of
the energy splitting in order to achieve a good agreement
with the experimental oscillations (see [16] for a detailed
discussion). As shown below, a simple model based on
our interpretation reproduces well the period observed
experimentally and in our ab initio results without the
need of adjusted parameters.
To support our interpretation of the oscillations as

interferences between DEC and TE processes, we have
extended a model proposed by Rosenthal and Foley [29] to
explain the oscillations observed in the total cross section
(i) for excitation of helium by helium ion impact (see also
[30] for more details on the model) and (ii) recently, for
ionization and negative ion formation in Hþ H collisions
[31]. Similar interferences between inelastic channels
leading to oscillations in total cross sections have also
been observed; see, e.g., for two-electron exchange [32]
and references therein. In the model proposed in [29,30] the
oscillations are interpreted through a molecular represen-
tation of the scattering event: the two inelastic processes
take place due to a transition occurring at small impact
parameters between two states of the transient molecule.
These states couple again at large distances, leading to
the interference patterns. In this model, the amplitude of
each pathway acquires a different phase in the internuclear
distance region where the curves cross, i.e., between Rx
where the initial nonadiabatic transition takes place and
R0 > Rx where the corresponding states mix again. At the
latter distance, the amplitudes of the two inelastic channels
are then coherently mixed which leads to the oscillations of
the cross section. In this model the period of the oscillations
is given by the cumulated energy difference ΔE between
the two molecular states between Rx and R0

T ¼ 2π
R R0

Rx
ΔEdR

ð1Þ

when presented as functions of 1=vp.
We have extended this model to our collisional system.

A selection of the important H2 adiabatic potential energy

curves of the 1Σg and 1Σu states (noted below g and u states,
respectively) converging asymptotically to Hþ þ H− and
Hð1sÞ þ Hð2lÞ are shown in Fig. 3. At the internuclear
distance R ≈ 15 a:u: [11,33] the states 4g and 3u, corre-
sponding asymptotically to Hþ þ H− (elastic and DEC
channels), exhibit strong radial couplings with, respec-
tively, the states 2g and 1u [correlated asymptotically to the
TE and SEC channels Hð1sÞ þ Hð2lÞ]. As the target and
projectile approach each other on the way in the 4g and 2g
(3u and 1u) states couple at R ≈ 15 a:u: Each pathway
acquires a different phase according to the energy of the
molecular state. There is another strong radial coupling
for each symmetry at shorter R (about 1 a.u.) [11,33] which
mix again these states. Finally, the amplitudes of the
inelastic channels acquire a different phase and are coher-
ently mixed at R ≈ 15 a:u: on the way out. Following the
model in [29,30], the period of the oscillations in the DEC
and TE cross sections are half that given in Eq. (1). The
factor 2 between this period and the one expressed in
Eq. (1) and in [29,30] comes from the accumulated phase
of the inelastic amplitudes on the way in and on the way out
in our case while in [29,30] the phase difference takes place
only on the way out.
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FIG. 3. Bottom: adiabatic potential energy curves of H2. The
1Σg and 1Σu states (noted g and u, respectively) are shown in black
lines and red dashed lines, respectively. The atomic states
correlated asymptotically to these molecular states are identified
on the curves. Top: energy difference between 4g and 2g states
(black line) and between 3u and 1u states (red dashed line).
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It should be noted that our ab initio calculations show
that only SEC probabilities are nonzero up to impact
parameters b ≈ 15 a:u: (see Supplemental Material [27]),
which illustrates the action of the previously discussed radial
couplings observed in molecular calculations [11,33]. In
contrast, the TE processes are only likely at shorter b (see
Supplemental Material [27]) which is a necessary condition
to observe the oscillations in the total cross sections [32].
These two observations illustrate the clear effect of the inner
crossing advocated in the model.
Using the potential energy curves shown in Fig. 3, we

have calculated the energy difference between the 4g and 2g
states on the one hand and between 3u and 1u states on the
other hand. The results are shown in the upper panel of
Fig. 3. We have integrated these energy differences
between R ¼ 1 a:u: and 15 a.u., according to the position
of the strong radial couplings. Within our model the
expected periods are about 3.7 and 3.1 a.u. for g and u
symmetry, respectively. These periods agree well with the
ab initio calculations which predict a period of about 3 a.u.
for DEC and TE into Hð2p0Þ and Hð2sÞ processes,
supporting our interpretation, (see Fig. 2).
Our ab initio calculations show that the oscillations in

the cross section for TE into Hð2p�1Þ have a longer period
(5–6 a.u., see Fig. 2). To describe this process with our
model, one has to include the Πg and Πu states of H2 which
can be populated by rotational couplings. To our knowl-
edge, the rotational couplings between states of H2 are not
published. However, our ab initio calculations show that
probabilities for SEC into Hð2p�1Þ extends up to b ¼ 15
a.u. as for Hð2p0Þ and Hð2sÞ. It is therefore reasonable to
use the same integration range (i.e., R ¼ 1 a:u: and 15 a.u.)
to develop our model for the Π states [34]: the period of the
oscillations is then predicted to be 6.0 and 6.6 a.u. for Πg

and Πu symmetry, respectively, showing again an overall
good agreement with the ab initio results.
In conclusion, double electron capture occurring in the

course of Hþ þ H− collisions has been a challenge for
theoreticians for decades. We have investigated this process
with a fully correlated two-active-electron nonperturbative
approach. The present extensive calculations cover a wide
energy domain from 0.06 to 20 keV overlapping with the
three sets of available experimental data. In contrast to all
previous calculations, our calculated cross section shows
an overall good agreement with the experimental results in
both magnitude and shape. Furthermore, our ab initio
results suggest that the oscillatory structures observed in
the double electron capture cross section do not come from
interferences between the gerade and ungerade pathways
of the ion-pair configuration as previously put forward, but
from interferences between double electron capture and
transfer-excitation channels. A more complex mechanism
involving a two-crossing model is presented and supports
this interpretation. Experimental cross section for transfer-
excitation processes are not available and we hope that our

results will encourage further experimental works to con-
firm our interpretation, shedding new light into this
challenging many-body quantum problem.
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[1] A. J. H. Donné et al., Diagnostics, Nucl. Fusion 47, S337

(2007).
[2] T. E. Cravens, Science 296, 1042 (2002).
[3] M. Durante and J. S. Loeffler, Nat. Rev. Clin. Oncol. 7, 37

(2009).
[4] B. Peart, M. A. Bennett, and K. Dolder, J. Phys. B 18, L439

(1985).
[5] A. M. Ermolaev, J. Phys. B 21, 81 (1988).
[6] B. Peart and D. A. Hayton, J. Phys. B 25, 5109 (1992).
[7] L. F. Errea, C. Harel, P. Jimeno, H. Jouin, L. Méndez, and

A. Riera, Nucl. Instrum. Methods Phys. Res., Sect. B 98,
335 (1995).

[8] W. Schon, S. Krudener, F. Melchert, K. Rinn, M. Wagner,
and E. Salzborn, J. Phys. B 20, L759 (1987).

[9] R. Shingal and B. H. Bransden, J. Phys. B 23, 1203
(1990).

[10] J. Wang, J. P. Hansen, and A. Dubois, J. Phys. B 33, 241
(2000).

[11] M. Stenrup, Å. Larson, and N. Elander, Phys. Rev. A 79,
012713 (2009).

[12] I. Mančev, N. Milojević, and D. Belkić, Euro. Phys. Lett.
103, 23001 (2013).

[13] A. Jorge, C. Illescas, L. Méndez, and B. Pons, Phys. Rev. A
94, 022710 (2016).

[14] F. Brouillard, W. Claeys, G. Poulaert, G. Rahmat, and G.
Van Wassenhove, J. Phys. B 12, 1253 (1979).

[15] B. Peart and R. A. Forrest, J. Phys. B 12, L23 (1979).
[16] H. Bräuning, H. Helm, J. S. Briggs, and E. Salzborn, Phys.

Rev. Lett. 99, 173202 (2007).
[17] J. Z. Mezei, M. Stenrup, N. Elander, and Å. Larson, Phys.

Rev. A 82, 014701 (2010).
[18] N. Sisourat, I. Pilskog, and A. Dubois, Phys. Rev. A 84,

052722 (2011).
[19] J. W. Gao, Y. Wu, N. Sisourat, J. G. Wang, and A. Dubois,

Phys. Rev. A 96, 052703 (2017).
[20] J. W. Gao, Y. Wu, J. G. Wang, N. Sisourat, and A. Dubois,

Phys. Rev. A 97, 052709 (2018).
[21] In the same manner as in [22], the straight-line, constant

velocity approximation used in our approach has been tested
in the lower part of the energy domain considered. At the
lowest collision energy (60 eV), only 2% differences are
found in the DEC cross sections and decrease to 0.2% for
200 eV.

PHYSICAL REVIEW LETTERS 122, 093402 (2019)

093402-4

https://doi.org/10.1088/0029-5515/47/6/S07
https://doi.org/10.1088/0029-5515/47/6/S07
https://doi.org/10.1126/science.1070001
https://doi.org/10.1038/nrclinonc.2009.183
https://doi.org/10.1038/nrclinonc.2009.183
https://doi.org/10.1088/0022-3700/18/13/007
https://doi.org/10.1088/0022-3700/18/13/007
https://doi.org/10.1088/0953-4075/21/1/007
https://doi.org/10.1088/0953-4075/25/23/014
https://doi.org/10.1016/0168-583X(95)00140-9
https://doi.org/10.1016/0168-583X(95)00140-9
https://doi.org/10.1088/0022-3700/20/22/006
https://doi.org/10.1088/0953-4075/23/7/016
https://doi.org/10.1088/0953-4075/23/7/016
https://doi.org/10.1088/0953-4075/33/2/309
https://doi.org/10.1088/0953-4075/33/2/309
https://doi.org/10.1103/PhysRevA.79.012713
https://doi.org/10.1103/PhysRevA.79.012713
https://doi.org/10.1209/0295-5075/103/23001
https://doi.org/10.1209/0295-5075/103/23001
https://doi.org/10.1103/PhysRevA.94.022710
https://doi.org/10.1103/PhysRevA.94.022710
https://doi.org/10.1088/0022-3700/12/7/025
https://doi.org/10.1088/0022-3700/12/1/005
https://doi.org/10.1103/PhysRevLett.99.173202
https://doi.org/10.1103/PhysRevLett.99.173202
https://doi.org/10.1103/PhysRevA.82.014701
https://doi.org/10.1103/PhysRevA.82.014701
https://doi.org/10.1103/PhysRevA.84.052722
https://doi.org/10.1103/PhysRevA.84.052722
https://doi.org/10.1103/PhysRevA.96.052703
https://doi.org/10.1103/PhysRevA.97.052709


[22] J. Caillat, A. Dubois, and J. P. Hansen, J. Phys. B 33, L715
(2000).

[23] W. Fritsch and C. D. Lin, Phys. Rep. 202, 1 (1991).
[24] The smaller basis set allows the inclusion of 1425 states,

and the larger one allows the inclusion of 3725 states.
[25] F. Melchert, S. Krudener, K. Huber, and E. Salzborn, J.

Phys. B 32, L139 (1999).
[26] B. Peart, R. Grey, andK. T. Dolder, J. Phys. B 9, 3047 (1976).
[27] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.122.093402, which in-
cludes Ref. [28], for additional details and discussions on
single ionization cross sections and transition probabilities
for SEC and TE processes.

[28] L. F. Errea, C. Harel, P. Jimeno, H. Jouin, L. Méndez, and A.
Riera, Phys. Rev. A 54, 967 (1996).

[29] H. Rosenthal and H. M. Foley, Phys. Rev. Lett. 23, 1480
(1969).

[30] H. Rosenthal, Phys. Rev. A 4, 1030 (1971).
[31] S. Y. Ovchinnikov, Y. Kamyshkov, T. Zaman, and D. R.

Schultz, J. Phys. B 50, 085204 (2017).
[32] W. G. Planje, W. B. Westerveld, and A. Niehaus, Phys. Rev.

Lett. 85, 2713 (2000).
[33] L. Wolniewicz and K. Dressler, J. Chem. Phys. 100, 444

(1994).
[34] T. Sharp, At. Data Nucl. Data Tables 2, 119 (1970).

PHYSICAL REVIEW LETTERS 122, 093402 (2019)

093402-5

https://doi.org/10.1088/0953-4075/33/20/109
https://doi.org/10.1088/0953-4075/33/20/109
https://doi.org/10.1016/0370-1573(91)90008-A
https://doi.org/10.1088/0953-4075/32/6/003
https://doi.org/10.1088/0953-4075/32/6/003
https://doi.org/10.1088/0022-3700/9/17/020
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.093402
https://doi.org/10.1103/PhysRevA.54.967
https://doi.org/10.1103/PhysRevLett.23.1480
https://doi.org/10.1103/PhysRevLett.23.1480
https://doi.org/10.1103/PhysRevA.4.1030
https://doi.org/10.1088/1361-6455/aa64ac
https://doi.org/10.1103/PhysRevLett.85.2713
https://doi.org/10.1103/PhysRevLett.85.2713
https://doi.org/10.1063/1.466957
https://doi.org/10.1063/1.466957
https://doi.org/10.1016/S0092-640X(70)80007-9

