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ABSTRACT

The HeH+ ion was the first molecule to form in the early Universe, and its comparatively large dipole moment renders it a potential
coolant, relevant during the epoch of first star formation. The main destruction mechanisms under primordial conditions are recombi-
nation with free electrons and chemical reactions with hydrogen atoms. The latter process was believed to be slow at low temperatures,
owing to a barrier forming along the reaction coordinate. Here we present a joint experimental and theoretical study of the reaction
HeH+ + D→HD+ + He that confirms the very recent proposition that the reaction is, in fact, barrierless and fast at low collision ener-
gies. The present evidence suggests that previous studies underestimated the low-temperature rate coefficient significantly because of
an artifact in a widely used potential energy surface, and calls for a reassessment of the helium chemistry in the early Universe.
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1. Introduction

The chemistry of the early Universe is dominated by the ele-
ments hydrogen, helium, and lithium, the only ones to form in
substantial quantities during Big Bang nucleosynthesis. All of
the light elements started out fully ionized, until the tempera-
ture dropped far enough for electrons to start recombining with
nuclei to form neutral atoms. Owing to its high first ionization
potential of 24.6 eV, helium was the first element to become
neutral and engage in chemical reactions (Galli & Palla 2013).
The first molecules were formed in the radiative association pro-
cess H+ + He→HeH+ + hν (Lepp et al. 2002), and subsequently
other small molecular ions and neutral molecules were formed,
among them H+

2 , H2, H+
3 , LiH, LiH+, and deuterated variants of

those species (Glover & Savin 2009).
After the recombination era, the Universe cooled and

expanded without fundamental changes in its phase or com-
position (the dark ages), until the first stars formed and re-
ionized a large fraction of the baryonic matter. Simulations have
shown that the existence of molecules is crucial at this stage.
At temperatures below 10 000 K, the level spacing in all of
the light atoms is too large to provide the necessary cooling
(through photon emission) for a primordial protostar to collapse.
Vibrational and rotational degrees of freedom in molecules, on
the other hand, enable radiative cooling down to much lower
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temperatures (Saslaw & Zipoy 1967; Peebles & Dicke 1968;
Bromm & Larson 2004).

As H2 lacks dipole-allowed transitions and HD fea-
tures only a very small dipole moment of 0.00085 debye
(Pachucki & Komasa 2008), infrared-active molecules with a
much lower fractional abundance have been considered as poten-
tial coolants (Glover & Savin 2009). With a substantial dipole
moment of 1.66 debye, the HeH+ ion becomes a valid cooling
candidate.

While for very high redshifts (z > 300) the lifetimes of
all molecular species are still severely limited by the radiation
field, at redshifts of z < 300 the reactions responsible for the
destruction of HeH+ change with the varying chemical condi-
tions (Bovino et al. 2011b). For 20 < z < 300 collisions with
atomic hydrogen are mainly responsible for the removal of HeH+

(Galli & Palla 2013), and at z < 20 the recombination with free
electrons becomes the main destruction pathway (Bovino et al.
2011b).

Considering the intermediate range (20 < z < 300), simula-
tions find that HeH+ engages in reactions with H or D atoms to
form hydrogen molecular ions,

HeH+ + H −→ H+
2 + He, (1)

HeH+ + D −→ HD+ + He, (2)

followed by charge exchange with atomic hydrogen,

H+
2 + H −→ H2 + H+, (3)
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HD+ + H −→ HD + H+. (4)

This sequence contributes significantly to the formation of
molecular hydrogen at early times (Galli & Palla 2013), before
other pathways such as associative detachment of H− and H
(Peebles & Dicke 1968; Kreckel et al. 2010) become efficient.

Reaction (1) is exothermic by 0.75 eV and has been the sub-
ject of theoretical calculations by several groups (Bovino et al.
2011b,a, 2012; Gamallo et al. 2014; Esposito et al. 2015;
González-Lezana et al. 2019). All previous studies found that
the reaction shows a rather uncharacteristic behavior for a bar-
rierless ion-neutral process; namely, that it slows down consid-
erably at low temperature. This is manifested in a decrease in
the calculated rate coefficients by more than an order of magni-
tude between 1000 K and 10 K. However, recently some of us
(Sahoo et al. 2024) have presented new calculations based on
more accurate long-range interaction terms. These updated theo-
retical data strongly suggest that the reaction remains fast at low
temperatures. Moreover, the new calculations indicate that the
low-temperature decrease in the rate coefficient found in previ-
ous studies was caused by a fitting artifact of the multidimen-
sional potential energy surface (PES), which led to an artificial
barrier in the reaction coordinate.

Here, we present a combined experimental and theoretical
investigation of Reaction (2). We chose the reaction between
HeH+ and D atoms over the reaction with H atoms for techni-
cal reasons, as the detection of the HD+ reaction product has a
much lower background in our experiment than the detection of
H+

2 . However, since the PES is the same for both reactions, this
does not limit the validity of our analysis. We corroborate this
statement by comparing the cross section calculations employ-
ing the updated PES for reactions (1) and (2) in Sect. 4.

2. Merged-beams experiment

Our experiments employ the ion-neutral collision setup at the
Cryogenic Storage Ring (CSR) of the Max Planck Institute
for Nuclear Physics in Heidelberg. The properties of the stor-
age ring as well as the ion-neutral collision experiment have
been described in previous publications (von Hahn et al. 2016;
Grussie et al. 2022, 2024a,b); here we give only a brief overview.

The CSR is an electrostatic storage ring with a circumference
of 35.2 m, featuring a multilayer cryogenic design, whereby liq-
uid helium is supplied to the innermost ultrahigh vacuum cham-
bers. In cryogenic operation, the inner chambers have temper-
atures of around 6 K. Molecular ions with a permanent dipole
moment will cool to their lowest rotational states within a few
minutes of storage inside the CSR by spontaneous emission of
radiation (O’Connor et al. 2016; Meyer et al. 2017; Kálosi et al.
2022).

The HeH+ ions are produced in a discharge (duoplasmatron)
ion source, mass-selected by a dipole magnet, and accelerated to
85 keV by an electrostatic platform. We injected approximately
4 × 107 ions and stored them for up to 60 s. During this time, the
HeH+ ions undergo radiative cooling and rapidly lose most of
their internal excitation. Calculations show that already after 5 s
of storage the ions occupy the two lowest rotational states with
j ≤ 1 (see Appendix A).

During storage the ions are phase-space cooled by the CSR
electron cooler. To this end a nearly monoenergetic velocity-
matched electron beam with a kinetic energy of 9.3 eV (in the
laboratory frame) is superimposed collinearly to the ion beam.
Through Coulomb interactions with the electrons, the ion beam
is cooled translationally (Poth 1990), which leads to a lower

beam emittance, manifested in a smaller diameter and smaller
angular divergence. Apart from translational beam cooling, we
do not expect a significant impact of the electron beam on the
internal state of the stored ions, since the electron recombina-
tion rate coefficient and inelastic electron collisions are slow,
compared to the fast radiative cooling of HeH+ (Novotný et al.
2019).

The neutral atomic D beam is produced by photodetachment
of a D− anion beam. Photodetachment using infrared diode laser
stacks will result in the production of ground state D atoms
only (O’Connor et al. 2015). The D− ions are produced in a
duoplasmatron ion source and accelerated electrostatically to
30 keV before being directed toward the photodetachment zone.
Here, the field of a strong (2 kW) continuous diode laser array
at 808 nm neutralizes approximately 4% of the ion beam. The
remaining D− ions are deflected into a Faraday cup, while the
neutralized ground-state D atoms enter the CSR.

The photodetachment takes place inside a voltage-variable
drift tube, and the photodetachment zone is bounded by two
round 4.5 mm apertures, which are 2.9 m apart. By applying a
static voltage to the drift tube, the anions can be accelerated
or decelerated just prior to the neutralization process, allowing
one to adjust the relative collision energy between the HeH+

and the D beams (see Grussie et al. (2022)). At a drift tube set-
ting of +4 kV, the 30 keV D− beam is accelerated to 34 keV and
the HeH+ ions and the neutral D beams are velocity-matched
with a laboratory frame kinetic energy of 17 keV/u. By detun-
ing the drift tube voltage, we sampled collision energies, Er, in
the center-of-mass frame between 0 and 20 eV. Our simulations
(Grussie et al. 2022) indicate that the lowest collision energy
achievable in the present measurement using an electron-cooled
ion beam is 30 meV.

The D atoms traverse the straight injection section of the
storage ring, where they overlap with the stored HeH+ ions
for ∼4.5 m. The neutral beam flux is recorded using secondary-
electron emission inside an external Faraday cup. The photode-
tachment laser (and thus the neutral beam) is switched on and off
with a period of 30 ms for background subtraction.

The charged HD+ products of Reaction (2) with a kinetic
energy of ∼51 keV (for velocity-matched beams) are separated
from the HeH+ ions by the first 6-degree deflector after the inter-
action zone (von Hahn et al. 2016; Grussie et al. 2022) and their
count rate, R, is recorded by a movable single-particle detector.

The result of the measurements is a merged-beams rate coef-
ficient, kmb, given by

kmb =
R
η

e2

IN II

vN vI

L〈Ω(z)〉
, (5)

where η denotes the product detection efficiency; e stands for the
unit charge; vN and vI represent the velocities of the neutral atoms
and the ions, respectively; and L〈Ω(z)〉 denotes the product of
the length of the interaction section, L, and the averaged over-
lap form factor, 〈Ω(z)〉 (Grussie et al. 2022). The neutral flux (as
in previous merged-beams studies, we interpret the neutral flux
as a current, see, e.g., Bruhns et al. 2010a,b; Miller et al. 2012)
and the current attributed to the circulating ions are given by
IN and II, respectively. In the present experiment, we performed
only relative rate coefficient measurements, and thus only those
parameters that change during the measurements were moni-
tored and recorded; namely, R, vN, vI, IN, and II. The detection
efficiency and the beam overlap remained constant during the
experiment.
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Fig. 1. Merged-beams rate coefficient for the reaction
HeH+ + D→HD+ + He as a function of the relative collision
energy, Er. The experimental values for storage times from 5 to 60 s
(black markers) have been normalized to the Langevin rate coefficient
(dashed line). The error bars display statistical uncertainties on a 90%
confidence level. Our new theoretical TIQM calculations for HeH+

ions in j = 0 and j = 1 are shown by the light blue and green lines,
respectively. Our QCT calculations are shown by the solid dark blue
( j = 0) and green ( j = 1) lines with markers. The uncertainties for
the QCT values were derived from the statistics of the trajectory
calculations.

3. Theoretical calculations

The theoretical calculations for Reaction (2) were performed by
means of both time-independent quantum mechanical (TIQM)
and quasi-classical trajectory (QCT) methods. The calculations
were based on a refined global PES of the electronic ground
state of HeH+

2 , which incorporates accurate long-range interac-
tion terms, removing the artificial barrier present in the widely
used PES of Ramachandran et al. (2009). A detailed description
of the refined PES has been presented in Sahoo et al. (2024).

The TIQM calculations were performed using the ABC code
of Manolopoulos and colleagues (Skouteris et al. 2000). The
time-independent nuclear Schrödinger equation was solved for
the triatomic reactive system using a coupled-channel approach
in hyperspherical coordinates. The diatomic rovibrational wave
functions including the helicity states (both open and closed)
of all available reactive channels were used to construct the
coupled-channel basis functions. The set of coupled-channel
hyperradial equations was solved by the constant reference
potential log-derivative method (Manolopoulos 1986) and the
scattering matrix (S matrix) was obtained by applying asymp-
totic boundary conditions at large hyperradii. The S matrix was
calculated in a specific energy range for a particular value of
the total angular quantum number, J, diatomic parity, p, and tri-
atomic parity, P. Converged numerical parameters used in the
ABC code to generate cross sections, σ, in various energy ranges
are given in Appendix B.

The QCT methodology is reviewed in detail in Truhlar &
Muckerman (1979) and the QCT calculations are performed
by solving the classical Hamilton’s equations for the nuclear
motion on the PES with the QCT code of some of the authors
(Bossion et al. 2018). For this study, instead of the standard his-
togram binning, we used a modified Gaussian binning that was
described in a previous QCT study of the same system using the
PES of Ramachandran et al. (González-Lezana et al. 2019). We
ensured the convergence of the maximum impact parameter for
each energy by running small batches of trajectories beforehand.

The numerical parameters used in the QCT code are given in
Appendix C.

The state-specific energy-dependent rate coefficients for
comparison with the merged-beams results are obtained as

kmb(Er) = vrσ(Er), (6)

where vr is the nominal relative velocity of the collision.
While the experiment actually samples a velocity distribution
(Grussie et al. 2022), Eq. (6) is a very good approximation for
cross sections without sharp features that exhibit smooth behav-
ior with velocity, as was found for the present reaction.

4. Results

Figure 1 shows our measured merged-beams rate coefficient,
kmb. During the experimental campaign we expected the rate
coefficient to drop at low collision energies, as was predicted
by all previous theoretical studies. However, to our surprise we
observed a fast reaction rate coefficient that appeared completely
independent of the collision energy below 3 eV. We used a new
movable detector based on a converter plate and a stack of micro
channel plates. The detector is located inside the CSR cryogenic
vacuum, and the detection efficiency has not been calibrated on
an absolute level. Therefore, we normalized the absolute scale of
the experimental data to the energy-independent Langevin rate
coefficient (Gioumousis & Stevenson 1958) for Reaction (2) at
collision energies <1 eV.

We find the low-energy behavior to be fully compatible with
the concept of a barrierless ion-neutral reaction, while the drop in
the rate coefficient at higher energies is caused by the opening of
dissociative reaction channels, leading to a three-body break-up
into H + D+ + He or H+ + D + He. These channels become ener-
getically open at energies of Er > 1.9 eV, and therefore they are
not as relevant for astrophysical environments. Since we detect
the HD+ product of Reaction (2) directly, contributions from dis-
sociative channels are not recorded in our measurements.

Also shown are our new TIQM and QCT theoretical cal-
culations for HeH+ + D collisions, based on the refined PES
described in Sahoo et al. (2024). The experimental finding of
a near-constant rate coefficient at low energies is in very good
agreement with both the TIQM and QCT calculations. We show
rate coefficients for HeH+ ions in rotational states j = 0 and
j = 1, which are the only states with a significant population
after 5 s of storage of the ions inside the CSR (Fig. A.1). The
predicted difference in the rate coefficient between the two low-
est rotational states is small. The QCT calculations extend to
higher collision energies, and they reproduce the drop in the rate
coefficient observed in the experiment.

Figure 2 compares both our experimental and theoretical
reaction cross sections with previous calculations for HeH+ + H
collisions. To this end we divided the measured merged-beams
rate coefficient by the nominal relative velocity, vr, between the
neutral and ion beams (see Eq. (6)). In doing so we neglected the
energy spread of both beams, which – apart from the very low-
est collision energies – constitutes a very good approximation, in
particular for the essentially energy-independent rate coefficient
at low collision energies found for the present reaction.

While our new calculations and the experimental data
fully agree within the error margins, the previous calcu-
lations of Bovino et al. (2011b), Esposito et al. (2015), and
González-Lezana et al. (2019) deviate substantially at low ener-
gies. As is explained in detail in Sahoo et al. (2024), this discrep-
ancy in the behavior of the cross section at low collision energies
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Fig. 2. Reaction cross section, σ, for the HeH+ + D→HD+ + He reac-
tion as a function of the collision energy, Er. The experimental results
(black markers) are compared to our theoretical TIQM and QCT results.
Also shown are TIQM and QCT calculations for HeH+ + H→H+

2 + He,
which are compared to previous theoretical calculations that clearly
deviate from both our experimental and theoretical results at low ener-
gies.
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Fig. 3. Kinetic temperature rate coefficients for the reactions
HeH+ + D→HD+ + He and HeH+ + H→H+

2 + He, derived from our
experimentally confirmed TIQM and QCT calculations. The corre-
sponding dashed lines represent the best fit to a modified Arrhenius-
Kooij formula (see Appendix D). Also shown are the Langevin rates
and previous theoretical results affected by the artificial barrier for com-
parison.

can be traced to an artificial barrier caused by a fitting artifact
in the PES of Ramachandran et al. (2009) used in those stud-
ies. The effect of the barrier already becomes noticeable at ener-
gies significantly higher than the nominal height of the barrier, as
for larger impact parameters the centrifugal potential induced by
the angular momentum adds to the effective barrier height and
blocks higher partial waves (see Song & Guo 2023 for insights
into reactions with submerged barriers).

To enable the use of the experimentally confirmed rate coef-
ficients in models of primordial chemistry, we have converted

the theoretical cross sections into gas kinetic temperature rate
coefficients. Figure 3 shows the kinetic temperature rate coeffi-
cients derived for the reaction of HeH+ with both atomic isotopes
(Reactions (1) and (2)), compared to the respective Langevin
rates and to previous calculations, which were still affected by
the artificial barrier. The new calculations show only slight devi-
ations from the classical Langevin rate below 10 000 K, while
the rates derived from previous calculations deviate by a factor
of two at 100 K and by more than an order of magnitude at 10 K.

There are two previous measurements of Reaction (1) in
the literature. Crossed-beam measurements are reported by
Rutherford & Vroom (1973), albeit at high collision energies (1–
25 eV) and with an undefined internal excitation of the HeH+

ions. The resulting cross sections were found to be a factor
of 2.4 smaller than previous calculations (even though these
calculations were still affected by the artificial barrier), and
had to be scaled up for a qualitative comparison to the theory
(De Fazio 2014). The room temperature data of Karpas et al.
(1979) resulted in a rate coefficient of (9.1± 2.5)×10−10 cm3 s−1.
The measurement was carried out with internally hot HeH+

ions and the rate coefficient was normalized to another mea-
surement, which, in turn, was also performed with molecular
ions of undefined internal excitation. We believe that a compar-
ison of these data to our calculations with internally cold ions
is of very limited merit, as recent experiments have shown that
absolute rate coefficients depend critically on internal excitation
(Grussie et al. 2024a).

We have fit the kinetic temperature rate coefficients for both
reactions with our own modification of the Arrhenius–Kooij for-
mula (Wakelam et al. 2012) to facilitate the implementation in
astrophysical models and databases. The fit parameters are listed
in Appendix D.

5. Summary and conclusions

We have carried out merged-beams measurements of the reac-
tion between ground term D atoms and rotationally cold HeH+

ions stored inside the CSR. Our energy-resolved measurements
support the recent theoretical finding of Sahoo et al. (2024) that
reactions between atomic hydrogen and HeH+ ions remain effi-
cient at low temperature, in contrast to previous theoretical cal-
culations. The reason for this discrepancy has been identified by
Sahoo et al. (2024) as an artificial barrier in the parametrization
of the PES of Ramachandran et al. (2009). As the PES is the
same for Reactions (1) and (2), the significance of our experi-
mental results extends to both reactions.

We used the experimentally confirmed theoretical cross sec-
tions to provide kinetic temperature rate coefficients for Reac-
tions (1) and (2). These reactions are the dominant destruction
mechanisms for HeH+ at redshifts of 20 < z < 300, where
both processes also constitute an important pathway for the
formation of molecular hydrogen (H2 and HD) under primor-
dial conditions (Galli & Palla 2013). At later times (z < 20),
when the formation of the first stars sets in, the recombina-
tion with free electrons is expected to dominate the removal
of HeH+ (Bovino et al. 2011b). However, measurements at the
CSR have recently shown that the electron recombination rate
is very slow for rotationally cold HeH+ ions (Novotný et al.
2019). Combined with the present finding, it is apparent that
reactions of HeH+ with atomic hydrogen are more important for
primordial molecular abundances than was previously assumed
and that reevaluations of helium chemistry in the early Uni-
verse – as well as very recent modeling efforts (Sil et al. 2025)
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of HeH+ detections in planetary nebulae (Güsten et al. 2019;
Neufeld et al. 2020) – may be called for.
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Appendix A: Internal cooling of HeH+

Molecular ions produced in discharge ion sources typically fea-
ture very high internal excitations, corresponding to internal
temperatures of up to several thousand kelvin (although the
excitation does not necessarily have to be thermal). However,
owing to their comparatively large dipole moment, HeH+ ions
cool rapidly inside the CSR by spontaneous emission of radia-
tion. All vibrationally excited states will decay within the first
200 milliseconds of storage (Datz & Larsson 1992). The life-
time of HeH+ in the metastable electronic triplet state was also
found to be in the range of hundreds of milliseconds in previ-
ous experiments (Strasser et al. 2000), and no trace of this state
was found in the imaging data of previous CSR measurements
(Novotný et al. 2019), where it would have stood out clearly in
the kinetic energy release spectrum. The time evolution of the
rotational states, on the other hand, is considerably slower, but
straightforward to predict (Novotný et al. 2019), using known
transition strengths and level energies (Coppola et al. 2011).
Figure A.1 shows the simulated evolution of the rotational states
during storage inside the CSR. Already after 5 s of storage, we
expect all population to have accumulated in the two energeti-
cally lowest quantum states of the molecule ( j ≤ 1).
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Fig. A.1. Calculated evolution of the population of rotational states of
HeH+ ions during storage inside the CSR. The simulation is based on
the published transition strengths and level energies of Coppola et al.
(2011). The calculation is the same as presented by Novotný et al.
(2019), where the initial distribution represents a thermal ensemble at
3000 K. However, the exact choice of the initial temperature is largely
irrelevant, as all highly excited states decay very quickly compared to
the storage times of up to 60 s that were sampled in the present experi-
ment.

Appendix B: Details on TIQM calculations

In Table B.1 specific parameters used for the generation of reac-
tion cross sections with the ABC code are listed. Extensive con-
vergence tests are carried out for all parameters in each Er range
as given in Table B.1. The convergence of the cross section
is checked with respect to the maximum number of rotational
states in any reactive channel ( jmax), the maximum total energy
that includes all open and closed rovibrational levels in the basis
set (Emax), the maximum value of the hyperradius (ρmax), the
number of log derivative propagation sectors (nsec), the helic-
ity truncation parameter (kmax) and the maximum total angular
momentum (Jmax).

Table B.1. Parameters for HeH+ (v=0, j=0, 1) used in the ABC code.

Er range (eV) jmax Emax (eV) ρmax (a0) nsec Jmax kmax

10−4− 10−3 28 1.5 100 4948 12 7
10−3− 0.01 28 1.5 70 1724 20 7
0.01 - 0.1 28 1.5 50 1224 40 7
0.1 - 0.5 30 1.7 30 362 68 7
0.5 - 1.0 34 1.9 25 200 87 7
1.0 - 1.7 34 2.0 21 167 106 11

The state-specific cross section is calculated from the S-
matrix elements as

σv j(Er) =
π

k̃2(2 j + 1)

∑
v′ j′

Jmax∑
J=0

∑
ΩΩ′

(2J + 1)
∣∣∣S J

v jΩ→v′ j′Ω′ (Er)
∣∣∣2 (B.1)

Here, k̃=
√

2µEr/~, with µ being the atom-diatom reduced mass
of the reactant arrangement, Er is the relative collision energy.
The symbols v, j, and Ω denote the vibrational, rotational, and
helicity quantum numbers of the reactant channel, respectively,
and the corresponding prime quantities denote the same for the
product channel. The relative velocity can be obtained from
vr = ~k̃/µ.

Appendix C: Details on QCT calculations

In Table C.1, the maximum impact parameters used for the QCT
calculations are listed. For each energy range considered, the
maximum impact parameter is determined using 200 trajecto-
ries. Fine convergence is then achieved considering for each
trajectory the following condition on the continuous rotational
quasi-quantum number j̃ of HeH+ and the initial quantum num-
ber j: | j− j̃| ≤ 0.01. Collisional energies from 1 meV to 21.5 eV
were considered, with 10 000 trajectories propagated for each of
the 27 energy steps (6 energy steps per order of magnitude, with
a logarithmic increment).

Table C.1. Impact parameter for various energy windows.

bmax (a0)
Er range (eV) j = 0 j = 1

10−3 − 10−2 26.7 − 19.7 22.1 − 18.1
10−2 − 10−1 19.7 − 13.9 18.1 − 22.1
10−1 − 1 13.9 − 11.1 22.1 − 19.1
1 − 21.5 11.1 − 9.3 19.1 − 12.1

Notes. The impact parameter was estimated from the propagation of
200 trajectories for HeH+ (v=0, j=0, 1)

Appendix D: Kinetic temperature rate coefficients

The kinetic temperature rate coefficients are calculated from
reaction cross sections by thermal averaging over a Maxwell-
Boltzmann velocity distribution according to

kv j(T ) =

√
8kBT
πµ

1
(kBT )2

∫
Erσv j(Er)e−Er/kBT dEr, (D.1)

where kB is the Boltzmann constant. Converged rate coefficients
are obtained for temperatures from 10 to 40 000 K by combining
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Table C.2. Fit parameters for the kinetic temperature rate coefficients kv j(T ) using Eq. D.2.

Reaction A0 (cm3 s−1) A1 (cm3 s−1 K−1) B (dimensionless) C (K)

HeH+ ( j=0) + D 1.82 × 10−9 -2.32 × 10−14 4.15 × 10−3 0.8042
HeH+ ( j=1) + D 1.7 × 10−9 -2.2 × 10−14 2.57 × 10−2 0.5258
HeH+ ( j=0) + H 2.08 × 10−9 -3.17 × 10−14 9.75 × 10−4 1.0206
HeH+ ( j=1) + H 1.92 × 10−9 -3.21 × 10−14 3.24 × 10−2 0.284

Notes. The deviations of the fit from the data are below 2% in the whole 10 – 40 000 K temperature range.

both TIQM and QCT cross sections from low and high energy
regions, respectively. The merging is done around the Er range
of 1−2 eV, where both TIQM and QCT cross sections are virtu-
ally indistinguishable. This ensures the validity of the resulting
(TIQM+QCT) rate coefficients over a broad range of tempera-
ture.

To provide data for astrochemical databases the j = 0 and
j = 1 rate coefficients for both the isotopic Reactions (1) and (2)
are fit to our own modification of the Arrhenius-Kooij formula
(Wakelam et al. 2012) ,

k f it(T ) = (A0 + A1T )
( T
300

)B

exp(−C/T ) cm3s−1, (D.2)

the A0, A1, B and C fit parameters are listed in Table C.2.
We used the Levenberg-Marquardt algorithm as implemented
in SciPy’s scipy.optimize.curve_fit function to optimize
the parameters. The deviation between the calculated rate coef-
ficients and the fits using the modified Arrhenius-Kooij formula
is less than 2% at all energies, which should be sufficient for
astrophysical models.
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