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Motivation

¡ Hydrides have high critical
densities (>106 cm-3)

¡ « Sub-thermal » excitation is
the rule

¡ State-specific reactive
processes compete with
energy transfer processes

Interstellar and circumstellar hydrides, 
from http://www.astrochymist.org/ 
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Colliders in the ISM

¡ He can be important but never dominant

¡ H2 most important in well-shielded molecular clouds

¡ H important behind dissociative shock fronts and PDRs

¡ e- important in PDRs, especially for polar species



Molecular energy transfer

¡ Scattering theory (BO approximation)
¡ Electronic Schrödinger equation
¡ Nuclei dynamics

¡ Experiment
¡ Crossed molecular beams
¡ Double resonance technique
¡ Ion trap experiments

The H2O-H2 potential energy surface



Carbon



CH+ formation
C+(2P) + H2(v, j) à CH+(X1S+, j’) + H

¡ Endothermic with H2(v=0)

¡ Wavepacket calculations by 
Roncero’s group, in agreement with
measurements with H2 in v=0 and v=1

¡ CH+ is formed rotationally hot, with a 
broad rotational distribution

Zanchet et al. ApJ (2013)

The Astrophysical Journal, 766:80 (8pp), 2013 April 1 Zanchet et al.
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Figure 3. Total and vibrational resolved reaction cross section (in Å2) as a
function of collision energy (in eV) for the C++H2(v, J ) collisions, obtained
with the quantum wave packet method. Bottom panel: for initial H2(v = 0, J =
0). Top panel for H2(v = 1, J = 0 and 1). For v = 0 the experimental values
are taken from Gerlich et al. (1987). The simulated cross sections have been
multiplied by the electronic partition function, Qe(T ), at 300 K (Qe = 0.407).
(A color version of this figure is available in the online journal.)

of these states correlate with the CH+(1Σ+)+H(2S) asymptote
(Sakai et al. 1981), giving rise to the electronic partition function
Qe = 1/3. If we consider instead the spin-orbit splitting of
63.4 cm−1 = 91.2 K between the 2P1/2 and 2P3/2 states, the
electronic partition function is given by

Qe(T ) = 2
2 + 4e−91.2/T

. (5)

Assuming that the electronic ground PESs correspond to the two
C+(2P1/2) states, while the four C+(2P3/2) states are not reactive
at all, the cross section of Equation (2) must be multiplied by
Qe, which is 0.407 at the experimental temperature of 300 K
(Gerlich et al. 1987).

For v = 0, the experimental values of Gerlich et al. (1987) are
also shown. These experimental values correspond to the trial
function points used to describe crossed beam measurements
of a relative cross section with a typical error of 20%. The
simulated cross section for collision energies below 0.53 eV is
in very good agreement with the experimental value, showing
a very similar increasing behavior at the threshold, especially
for Qe = 0.407. For higher energies, however, the theoretical
values are significantly lower. This is attributed to two possible
reasons. The first is the experimental error. The measurements
were obtained in relative units and then scaled to reproduce the
phase space results obtained by Gerlich et al. (1987) with a

typical error of 20% (Gerlich et al. 1987). The second reason is
that these measurements correspond to a temperature of 300 K
involving several rotational states of H2 (Gerlich et al. 1987).

Experiments were performed at different temperatures (Ervin
& Armentrout 1986; Gerlich et al. 1987; Hierl et al. 1997), and
state-specific rate coefficients were determined by numerical
integration of the measured cross sections. The researchers
obtained good agreement using Arrhenius-type functions for
describing state-specific rate constants, and found that they
properly fit phase space theory results (Ervin & Armentrout
1986; Gerlich et al. 1987). It was found (Ervin & Armentrout
1986; Gerlich et al. 1987; Hierl et al. 1997) that the state-specific
rate coefficients increase as the initial rotational excitation of
H2, J increases as a result of the higher total energy. Thus,
considering that the experimental results correspond to a mixture
of rotational states of H2, they are expected to be larger than
those corresponding to simply J = 0, as considered here
in Figure 3. For all these reasons we may conclude that the
simulated cross section for v = 0 is reasonably accurate.

For v = 1 in the top panel of Figure 3, there is no threshold
to form CH+(v′ = 0) products and the cross section increases as
collision energy decreases, as expected in exothermic reactions.
For CH+(v′ > 0), however, the reaction presents thresholds and
considerably lower cross sections. The σv=1→v′=0 cross sections
are several orders of magnitude larger than in any other case,
especially at low collision energies, so it is expected to have a
significant contribution to the formation of CH+ molecules in
the ISM, even when vibrationally excited H2(v = 1) has a low
abundance.

The results obtained for v = 1, J = 0 and 1 in the top
panel of Figure 3 are rather similar. In fact, for J = 1 they
are slightly lower, which is explained by rotational disruption,
i.e., the rotational excitation somehow inhibits the reaction
and/or the formation of the CH+

2 complex. This behavior is
more remarkable in reactions with barriers (González-Sánchez
et al. 2011), followed by an increase of the cross sections when
the rotational excitation increases even more. For this reaction
with no threshold, however, it is expected that initial rotation
had a minor effect. Also, since the reaction is mediated by
long-lived resonances, it is reasonable that the memory of the
initial state was lost after some vibrations of the complex. This
invariance of the cross section with rotation for v = 1 is in
contrast to the increase reported for v = 0. However, this
apparent contradiction vanishes when we take into account that
the endothermic reaction for v = 0 becomes exothermic for
v = 1.

In order to get the rate coefficients, attention must be paid
to low collision energies, E < 0.01 eV, where WP methods
present inaccuracies, especially due to the application of ab-
sorbing potentials allowing one to use finite grids. In the case of
ion–molecule reactions showing no barrier in the PESs, the re-
action cross sections are usually estimated by the Langevin cap-
ture theory (Langevin 1905; Gioumousis & Stevenson 1958),
which predicts that the cross section decays as E−1/2. The
analysis of the flux over all rearrangement channels allows us
to conclude that the WP calculations are accurate down to col-
lision energies of 0.03 eV. At this energy we fit the exothermic
state-to-state cross sections, σvJ→v′J ′ (E), to the Langevin be-
havior, AE−1/2, having only one parameter as applied recently
to study the H++LiH exothermic reaction (Aslan et al. 2012).
This is done for J ′ ! 8, since for higher rotational excitation of
the products the reaction has a threshold and it is therefore free
from this inaccuracy.
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CH+ destruction
CH+(X1S+, j) + H à C+(2P) + H2

¡ QCT and quantum calculations by 
Halvick and coworkers

¡ Measurements by Plasil et al. (2013), in 
contradiction with theory at T<50K

¡ Electron-impact dissociative 
recombination: see talk by Ioan 
Schneider

Werfelli et al.  J Chem Phys 143 114304 (2015)
Faure et al. to be submitted

4 A. Faure et al.
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Figure 3. Rate coefficients for the destruction of CH+(j) by H
as functions of the kinetic temperature. The state-specific and
thermal rate coefficients from the present work are compared to
the experimental data of Plasil et al. (2011) and Federer et al.
(1984, 1985).

In particular, the decrease of the rate coefficient between
400 and 1200 K is well reproduced by the calculations. At
temperatures below 50 K, the experimental results were in-
terpreted by Plasil et al. (2011) as a loss of reactivity of
the lowest rotational states of CH+. In contrast, we observe
here a reactivity increase with rotational cooling. This was
analyzed by Werfelli et al. (2015) as an increase of the prob-
ability for a non reactive or exchange process with increas-
ing rotational excitation. Thus, contrary to the conclusion
of Plasil et al. (2011), the present calculations would sug-
gest that CH+ is rotationally hot, and not cold, in the low-
temperature trap experiment. Obviously, further theoretical
and experimental efforts are necessary and a discussion can
be found in Werfelli et al. (2015).

The full set of state-to-state rate coefficients for the
inelastic/exchange and reactive collisions CH+(j) + H are
available upon request to the authors.

2.3 Excitation and destruction by electrons

The calculations presented in this section are an exten-
sion of the work of Hamilton, Faure & Tennyson (2016)
for the electron-impact excitation of CH+ and the work of
Chakrabarti et al. (in preparation) for the dissociative re-
combination (DR) of CH+ with electrons. In the calcula-
tions of Hamilton et al. (2016), the molecular R-matrix the-
ory was combined with the adiabatic nuclei rotation (ANR)
approximation. Inelastic cross sections and rate coefficients
were determined for CH+(j = 0 − 11) and kinetic tem-
peratures in the range 1-3000 K. No experimental inelastic
data is available for this system but we note that the same
methodology was applied with success to HD+ for which
theoretical rate coefficients were found comparable to within
30% with those resulting from a fit of experimental cooling
curves (Shafir et al. 2009). A very good agreement with the
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Figure 4. Rate coefficients for electron-impact rotational excita-
tions of CH+ out of the ground state j = 0 as functions of the
kinetic temperature. Data is taken from Hamilton et al. (2016).

MQDT calculations of Motapon et al. (2014) was also ob-
served. In the calculations of Chakrabarti et al. (in prepara-
tion), the MQDT formalism was employed and extended to
take into account the contribution of the core-excited Ry-
dberg states. In addition, the CH+ rotation was included
in the calculations so that rotationally resolved DR cross
sections were obtained. Rate coefficients were determined
for the DR and vibrational excitation of CH+(j = 0 − 10)
at kinetic temperatures between 10 and 6000 K. The CH+

DR cross sections (after convolution with the experimental
resolution) were found in good agreement with the measure-
ments of Amitay et al. (1996) and, in particular, they were
shown to satisfactory reproduce the broad and prominent
resonances below 0.5 eV. Full details of the MQDT calcu-
lations will be published elsewhere (Chakrabarti et al., in
preparation). IOAN: DO YOU WANT TO ADD DE-
TAILS HERE?

In Fig. 4, the rate coefficients for the inelastic process
CH+(j = 0) + e− → CH+(j′)+ e− are plotted as functions
of the kinetic temperature for j′ = 1 − 8. The temperature
dependences are similar to those observed for CH+ + H in
Fig.2 due to the threshold effects. At high temperature, the
dipolar transition ∆j = 1 is again preferred, as expected
for a strongly polar system. We note that this is in contrast
with the previous R-matrix results of Lim et al. (1999) who
found the cross sections for the ∆j = 2 transitions to be
greater than ∆j = 1 transitions. This difference reflects the
improved treatment of polarization in the new calculations.
A more complete discussion can be found in Hamilton et al.
(2016).

In Fig. 5, the state-resolved DR rate coefficients are
plotted as functions of the kinetic temperature. These rate
coefficients were obtained by averaging the cross sections
over isotropic Maxwell-Boltzmann velocity distributions.
The calculated thermal rate coefficient is also shown and it is
compared to the experimental recommendation of Mitchell
(1990) which is based on the merged-beam measurements
of Mitchell & McGowan (1978). We note that these mea-

c⃝ 2016 RAS, MNRAS 000, 1–6



¡ Formation pumping is crucial for 
short-lived species (Black 1998, 
Godard & Cernicharo 2013)

¡ High-j transitions (j≥2) are pumped
by C+ + H2(v>0)

¡ See talk by Anna Parikka

Faure et al. to be submitted
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Figure 5. Rate coefficients for the destruction of CH+(j) by elec-
trons as functions of the kinetic temperature. The state-specific
and thermal rate coefficients from the present work are compared
to the experimental recommendation of Mitchell (1990).

surements (divided by 2 to correct for a calibration error)
were found to be systematically higher than the cross sec-
tions of Amitay et al. (1996) by a factor of ∼ 2. The rec-
ommendation of Mitchell (1990) is also about a factor of 2
larger than the calculated thermal rate coefficient. Finally,
it should be noted that the variation of the DR rate coef-
ficients is not monotonic with j, i.e. there is no particular
trend with increasing j. Such non monotonic variations were
already observed in the case of HD+ (Motapon et al. 2014).

The full set of state-to-state rate coefficients for the
inelastic and reactive collisions CH+(j) + e− are available
upon request to the authors.

3 ASTROPHYSICAL APPLICATIONS

In this section, the state-to-state rate coefficients presented
in the above section are implemented in non-LTE calcula-
tions. As explained above, since CH+ is destroyed by hydro-
gen atoms and electrons on a similar time scale as it is ro-
tationally equilibrated (by the same colliders), the chemical
formation and destruction rates need to be included when
computing the statistical equilibrium (e.g. van der Tak et al.
2007):

dni

dt
=

N∑

i ̸=j

njPji − ni

N∑

i̸=j

Pij + Fi − niDi = 0, (2)

where N is the number of levels considered, ni is the level
population of level i,

0 500 1000 1500 2000 2500 3000
Upper level energy (K)

10-3

10-2

10-1

100

101

102

Fl
ux

 (K
.k

m
.s

-1
)

Full model, H2(v=1)
Full model, H2(v=2)
Inelastic model

j=1

j=2

j=3
j=4

j=5
j=6

j=7
j=8

j=9 j=10 j=11

Figure 6. CH+ line fluxes as a function of the upper level energy
as predicted by our non-LTE calculations for the following PDR
conditions: a pressure of 108 cm−3K (Tk = 500 K, nH = 2 ×
105 cm−3), an electron fraction xe of 10−4 and a CH+ column
density of 1014 cm−2. See text for details on the different models.
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Figure 7. Same as in Fig. 6 except that the CH+ column den-
sity is adjusted to best reproduce the observations of Nagy et al.
(2013) toward the Orion bar.

3.1 Prototypical PDR

3.2 The Orion Bar

3.3 NGC 7027

4 CONCLUSION
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CH excitation
CH(X2Π, j) + He à CH(X2Π, j’) + He

¡ Experiments by McDonald & Liu 
(1989, 1990) on CH-He, CH-H2, CH-D2

¡ Propensity rules due to parity and 
symmetry properties of Λ-doublets

¡ Collisions with H2 can form (CH3)*. 
Quantum statistical calculations
performed by Dagdigian (2016)

Marinakis et al. Phys Chem Chem Phys (2015)

21588 | Phys. Chem. Chem. Phys., 2015, 17, 21583--21593 This journal is© the Owner Societies 2015

van der Waals complex. This is important in scattering calcula-
tions for obtaining good quality collisional rate coefficients for
astrophysical applications.

III. Results
A. Scattering calculations

In order to test the newly constructed PES with available experi-
mental data, close-coupling quantum scattering calculations were
performed. The close-coupling calculations were carried out using
HIBRIDON program,36 which provided integral and differential
cross sections. The CH rotation, spin–orbit coupling andL-doublet
splitting were taken into account, using for v = 0 the CH rotation
constant B = 14.1924 cm!1, the spin–orbit coupling constant A =
28.1468 cm!1, andL-doubling parameters p = 0.0335 cm!1 and q =
0.0387 cm!1.13 In the scattering calculations reported here, the
hyperfine structure of CH(X) was not taken into account, and the
value of the spin–orbit constant was assumed to be independent of
the CH–He intermolecular separation. The latter approximation is
commonly employed in scattering calculations because of the
moderate-to-large intermolecular separations at typical collision
energies. The calculations were performed for collision energies up
to 2500 cm!1, and a maximum value of total angular momentum
( Jtot = 200) and a maximum value of the rotational quantum
number of the CH molecule ( J = 23) were used.

B. Integral cross sections

Integral cross sections were obtained for transitions up to 7.5fF2
and 8.5fF1 and for Ecol up to 2500 cm!1. In crossed molecular

Fig. 3 Comparison of normalized experimental (filled red circles) and
theoretical (empty blue circles) inelastic integral cross sections for transi-
tions into specific CH L-doublet levels as a function of collision energy.
The theoretical ICS were averaged over the experimentally measured initial
populations.20 The experimental ICS were scaled to the theoretical values.
The final levels are indicated above the curves.

Fig. 4 State-to-state inelastic cross sections for CH (X2P1/2, v = 0, j = 0.5) scattered by He at a collision energy of 500 cm!1. The initial spin–orbit
manifold and L-doublet symmetry, and the final spin–orbit manifold are indicated in the title of the graphs, the final J quantum number is indicated on
the abscissa. Transitions into A00 (fF1 and eF2) levels are represented by filled red circles; transitions into A0 (eF1 and fF2) levels are represented by empty
blue circles.
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NH2 excitation
NH2(jkakc) + H2 à NH2(j’k’ak’c) + H2

¡ The exothermic reactive channel
(NH3+H) has a barrier of 4800K

¡ The full-dimensional PES was
adapted for rigid-rotor calculations

¡ Transitions with Δkc=0 favored, in 
contrast to radiative selection rules

Li & Guo Phys Chem Chem Phys (2014)
Bouhafs et al. submitted to J Cherm Phys

6756 | Phys. Chem. Chem. Phys., 2014, 16, 6753--6763 This journal is© the Owner Societies 2014

with ZPE corrected with anharmonic contributions in the HEAT
protocol,70 respectively. The transition state for the formation of
NH4 along the exchange channel (TS2) is 9.39 kcal mol!1 above
the same reactant asymptote. In addition to these reactive transi-
tion states, ammonia (NH3) has a planar inversion transition state
(denoted as NH3-TS, classically 5.24 kcal mol!1), which is not
shown in Fig. 1 but included in Table 1.

The corresponding harmonic frequencies of the stationary
points at various levels of theory are compared in Table 2. They
are also consistent with each other. It is noteworthy again that at
the FC-UCCSD(T)/VTZ or the VQZ level, the harmonic frequencies
of NH4 are quite different from other ab initio results. This suggests
that the inclusion of augmented basis functions is important
for this Rydberg system. The calculated harmonic frequencies
of the NH4 are consistent with the experimental values,49

although there are some uncertainties in the latter.
For comparison, the corresponding information of the

stationary points on the CE-2010 PES26 is also included in
Table 1. It is clear that there are significant differences between
that PES and our benchmark ab initio values for almost all
stationary points. In particular, we note that the collinear
yNH0H00 angle of the CE-2010 TS1 is in strong contrast to the
bent geometry (159.961) predicted by the ab initio calculations.
In addition, the comparison of the harmonic frequencies in
Table 2 also reveals substantial differences between the CE-2010
PES and our ab initio data. At NH3-TS, for example, all five real
harmonic frequencies are about 200 cm!1 different from our
ab initio values. These discrepancies indicate that the CE PESs
are not quantitatively accurate.

Although the T1 diagnostics test71 of the stationary points
suggests predominantly single reference nature, we were interested
in finding out the performance of multi-reference methods such as
MRCI for this system. To this end, we have carried out MRCI
calculations with different basis sets and active spaces at the
geometries optimized at the level of FC-UCCSD(T)-F12a/AVTZ.
The results are compared in Table 3. If only the full valence (FV)
active space is considered, energies for TS1 and the abstraction
products NH2 + H2 were underestimated by B3.5 kcal mol!1,
and those for TS2 and NH4 were underestimated by B2.0

and B1.3 kcal mol!1, respectively, compared to those at the
level of FC-UCCSD(T)-F12a/AVTZ, although the basis set effect
is marginal. Once the 3s orbital of N is included in the active
space (FV + 3s), the results are significantly improved, and
converged with the AVQZ basis set. Noteworthy, the MRCI +
Q(FV + 3s) calculation with the averaged atomic natural orbitals
(ANOs)72 gives results similar to those at the level of MRCI +
Q(FV + 3s)/CBS, which is extrapolated from AVTZ and AVQZ
results. The addition of the 3p orbital to the active space,
(FV + 3s3p), makes the calculation much more expensive, but
its effect on the results is small. The MRCI approach was not
pursued because it is significantly more expensive than the
CCSD(T) calculations.

The intrinsic reaction coordinate (IRC) analyses of the three
transition states were performed at the level of FC-UCCSD(T)-
F12a with two basis sets, AVTZ and/or AVDZ. The results are
compared in Fig. 2 and one can see that the difference between
the two basis sets is negligible, except for NH4, where the energy
with AVDZ is B0.2 kcal mol!1 lower than that with AVTZ.

III. Potential energy surface
In order to build a globally accurate PES with reasonable
computational costs, especially for such a high-dimensional
system, it is vital to sample the ab initio points prudently. Our
strategy is similar to that in our recent work on the HOCO and
XH2O (X = F, O, Cl) systems.73–78 First, stationary points were
surveyed to determine the ranges of configurations and energies.
In this work, we discarded points with energies higher than 6 eV
(138.4 kcal mol!1), relative to the reactant asymptote (H + NH3),
in order to guarantee accuracy in high temperature simulations
of rate constants. Second, we used grids with appropriate
coordinates in various regions to sample relevant configurations.
In the reactant region, for instance, the internal coordinates of
NH3 were sampled in fine grids while the coordinates involving
the attaching H atom were sampled in relative sparse grids.
The resulting PES was then validated by comparing with key
ab initio properties of stationary points and asymptotes, such as
geometries and energies. Furthermore, batches of trajectories
at various energies were dispatched to search for unphysical
regions of the PES resulted from the lack of ab initio data
points. New points were then added to patch up these regions if
they are not close to existing data sets. This was judged by the
Euclidean distance defined in terms of the bond lengths
between any point {-ri} and a data point {-ri0} in the existing data

sets, w rið Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P10

i
~ri !~ri 0j j

s

o 0:1 . All permutation equivalent

points are included in such screening. This procedure was
iterated multiple times until the results converged. To make
sure of the validity of the CCSD(T) method, those points with T1
values larger than 0.05, which constitute only a very small
percentage of points calculated, were discarded. Finally,
B103 000 points were obtained at the FC-UCCSD(T)-F12a/AVTZ
level, and used to construct the PES.

Fig. 1 Schematic illustration of the abstraction and exchange/association
reaction energetics and stationary point geometries. The energies are
in kcal mol!1 relative to the NH3 + H, and the data in parentheses are
the corresponding zero-point energies within the harmonic oscillator
approximation.
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NH3 excitation
NH3(11

-) + nH2 à NH3(j’k’) + nH2 @580cm-1

¡ Differential cross sections measured in 
crossed molecular beams

¡ The good agreements with theory 
provide a crucial test of the NH3-H2
PES of Maret et al. (2009)

¡ Full set of new data for NH3-H2 and 
NH3-H available soon (Rist et al. to be 
submitted)

4 O. Tkáč et al.

mixture of j2 = 0, 1 and 2 rotational levels. The only j2-
changing transitions included in our DCS calculations were
j2 = 0 → 2 and j2 = 2 → 0. The rotational constants were
taken as A = 5.1432 cm−1, C = 3.1015 cm−1 and a j-
independent inversion splitting of 0.0530 cm−1 for ND3,
and B = 59.3398 cm−1 for H2. Cross sections were com-
puted for two collision energies (430 and 580 cm−1).

Convergence of the cross sections was checked with
respect to the size of the rotational basis and the number
of partial waves in the calculation. The rotational basis
consisted of all rotational levels j ≤ 8 for ND3 and j2 ≤ 4
for H2. While the basis for ND3 does not include all open
channels at the energies considered here, it was truncated
to reduce the computational time. An increase of the ND3

basis set had no effect on the cross sections presented in
this work. On the other hand, we found that truncating the
basis for H2 to j2 ≤ 2 caused changes of up to 25% in the
state-to-state integral cross sections, and it was necessary
to include closed channels up to j2 = 4. The calculations
included total angular momenta J ≤ 65-h.

3. Results and discussion

3.1. Differential cross sections for ND3 (1−
1 ) +

n-H2 scattering

Figure 1 shows experimental images for inelastic scatter-
ing of hexapole-state-selected ND3 from its j±

k = 1−
1 level

Figure 1. Experimental velocity map images for the crossed
molecular beam scattering of ND3 with n-H2 at a collision energy
of 580 ± 50 cm−1. The ND3 was state-selected by a hexapole filter
to be almost exclusively in the j±

k = 1−
1 state prior to collision and

images are shown for eight different final j ′±
k′ levels, as indicated

by the labels. The orientation of the relative velocity vector vrel is
indicated in one panel.

Figure 2. Experimental (red) and theoretical (black) DCSs for
inelastic scattering of ND3 j±

k = 1−
1 with H2 into various j ′±

k′
final levels indicated by the labels. Experimental DCSs were de-
rived from the raw images in Figure 1 following density-to-flux
transformation. The collision energy was 580 ± 50 cm−1.

into various final rotational levels j ′ ±
k′ following collision

with n-H2. The mean collision energy and the spread were
580 ± 50 cm−1. The corresponding DCSs extracted using
density-to-flux transformation are shown in Figure 2 and are
compared with calculated DCSs. For the purpose of com-
parison, the experimental DCSs were normalised to match
the values of the theoretical DCSs at θ = 90◦. The error bars
associated with the experimental DCSs were determined by
combining the standard deviation obtained from the com-
parison of several measured images for a single final level
with the uncertainty introduced by the application of the
density-to-flux transformation. They do not incorporate the
angular resolution of the measurements (estimated to be
15◦ in the forward scattering direction) or other potential
sources of systematic error.

In general, the calculated DCSs agree well with the ex-
perimental measurements, except that we were not able to
resolve experimentally the diffraction oscillations present
at small scattering angles. The sharp peak present in some
of the calculated DCSs at small angles (typically < 15◦) is
also not reproduced well in our experiment because of im-
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NH3

NH3 ortho-to-para ratio

¡ Ortho-to-para ratios (OPR) can be
related to a formation temperature

¡ Anomalous OPR for NH3 (<1) 
measured with Herschel (Persson et 
al. 2012)

¡ Is the deficit of oNH3 due to nuclear-
spin chemistry ?



NH3 ortho-to-para ratio

¡ In a pH2 enriched gas, formation of 
pNH3 is favored (Faure et al. ApJ 2013) 

¡ This is due to nuclear-spin selection
rules (Quack 1977, Oka 2004, Schmiedt
et al. 2016)

¡ Several other hydrides expected to be
sensitive to the OPR of H2, see talk by 
Romane Le Gal (NH2)
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Oxygen



¡ Water has been extensively studied
in collision with He, H, H2 and e-

¡ No simple scaling relationship
between the various colliders

¡ High energy scattering is dominated
by kinematics (rather than features
of the PES)

except for electrons where the rate has a maximum at about 200 K. The rate coe⇥cients for

para- and ortho-H2 are very di�erent below ⇤300 K. The He and H rate coe⇥cients are lower

but rather similar to the para-H2 one. In addition, above about 300 K, all heavy particles

have a similar rate coe⇥cient (⇤ 1 � 2 ⇥ 10�10cm3s�1). In this high-temperature regime,

as observed previously for CO, the scattering process becomes dominated by kinematics. It

should be noted that the “bump” in the para-H2 rate coe⇥cient, at about 100 K, reflects the

increasing population of the j2 = 2 level. The similarity between the para- and ortho-H2 rate

coe⇥cients at high temperature indeed reflects the resemblance between para-H2(j2 = 2)

and ortho-H2(j2 = 1) (see Daniel et al., 2011). Finally, the rate coe⇥cients for electron-

impact are about a factor of 104-105 larger than those for heavy particles, indicating that

electrons will compete with neutrals at electron fractions larger than ⇤ 10�5� 10�4. In the

intermediate coma of Comet Halley, Xie and Mumma (1992) have shown that the rotational

temperature of the water molecule is controlled by collisions with electrons rather than with

neutral (H2O) molecules.
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Figure 1.6: Theoretical rate coe⇥cients for the ortho-H2O excitation j = 101 ⌅ 110 by para-H2,
ortho-H2, He, H and electrons as function of temperature. See text for details and
references.

1.3.2.2 H2CO

Formaldehyde was the first organic polyatomic molecule detected in the ISM by Snyder

et al. (1969) and in comet Halley by Snyder et al. (1989). Both detections were made via the

single rotational transition 111�110 of ortho-H2CO at 6 cm. H2CO is very abundant in star
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H2O excitation
H2O(jkakc) + H2 à H2O(j’k’ak’c) + H2

¡ The H2O-H2 PES of Valiron et al. (2008) 
was fully checked experimentally:
¡ Inelastic differential cross
¡ Pressure broadening
¡ Elastic integral cross sections
¡ Spectrum of the complex
¡ Second virial coefficient
¡ Vibrational relaxation

¡ Most recent check in crossed
molecular beams in Bordeaux



OH excitation
OH(j) + H2 à OH(j’) + H2

¡ New OH-H2 PESs obtained by Ma et 
al. (2014)

¡ In contrast to CH-H2, there is no 
formation and decay of a collision 
complex

¡ Cross sections with pH2 differ
significantly from Offer et al. (1994)

Schewe et al. J Chem Phys (2015)

204310-8 Schewe et al. J. Chem. Phys. 142, 204310 (2015)

3. Investigations with high collision energy resolution

The calculated cross section for the OH j1 = 3/2 F1 f
⌅ j ⌃1 = 5/2 F1e transition in collision with para-H2 j2 = 0,
plotted in Fig. 6(a), shows resonance features for collision
energies near 93 and 102 cm�1. Similar resonance features
were found in calculated cross sections for the collision of OH
with He and Ne and were analyzed in detail.26 In order to inves-
tigate resonances in OH–H2 collisions, the OH j1 = 3/2 F1 f
⌅ j ⌃1 = 5/2 F1e transition in collision with H2 j2 = 0 was
measured with higher collision energy resolution. This was
accomplished by using a kinematically more favorable colli-
sion geometry.44 The relevant settings of the OH veloc-
ities and the pc-H2 velocity are given in Sec. II A. The
transverse velocity distribution of the pc-H2 beam was
identified as the factor limiting the collision energy reso-
lution. It was therefore reduced with a 2 mm wide slit,
shown in Fig. 1.

The black data points in Fig. 9 show the experimentally
determined excitation function for the OH j1 = 3/2 F1 f ⌅ j ⌃1
= 5/2 F1e transition in collision with pc-H2 ( j2 = 0) as a
function of the collision energy between 78 and 103 cm�1.
The experimental collision energy distribution (FWHM
⇤ 2.3 cm�1) was estimated using the kinematic model
described in the supplementary material.36 The red dashed
and solid lines in Fig. 9 display, respectively, the theoretical
cross section and the same quantity convoluted with the
experimental collision energy resolution. Both theoretical
cross sections are scaled by an identical constant factor
to compare them with the experimental data. The overall
agreement is good. In particular, the steep increase of the
cross section at the rotational threshold, as well as its
dependence on the collision energy, is reproduced almost
within the experimental confidence interval. The increase

FIG. 9. The black points display the experimentally determined excitation
function for the OH j1= 3/2 F1 f ⌅ j1= 5/2 F1e transition in collision with
pc-H2 ( j2= 0) as a function of the collision energy between 78 and 103 cm�1.
Two additional sets of measurements (red and blue points) were conducted
under di�erent conditions and sampled the 90–97 cm�1 collision energy range
in more detail. The red dashed and solid lines show the pure theoretical
cross section and this cross section convoluted with the experimental collision
energy resolution (FWHM ⇥ 2.3 cm�1), respectively.

in the experimental excitation function at threshold is faster
than predicted by the convoluted theoretical calculation. This
suggests that the collision energy resolution in the experiment
is probably better than the estimated 2.3 cm�1 (FWHM).

The most striking feature in Fig. 9 is the di�erence
between the experimental and theoretical cross sections
around 93 cm�1, where a dip in the cross section of ca.
50% is found in the measurements relative to adjacent data
points. In the same collision energy range, the theoretical
cross section increases slightly due to a shape resonance.
To confirm the measurements, the experiment was repeated
under di�erent conditions while sampling the collision energy
range between 90 and 97 cm�1 in greater detail. The OH
packets are produced prior to collision using di�erent high-
voltage switching schemes of the Stark decelerator, as well as
di�erent rare gas mixtures for the initial OH beam. The results
are depicted in the red and blue points in Fig. 9. All the sets
of experimental data agree to within the plotted confidence
intervals.

A possible explanation for the dramatic di�erence in the
energy dependences of the measured and computed OH j1
= 3/2 F1 f ⌅ j ⌃1 = 5/2 F1e excitation functions is that posi-
tions of the resonance as predicted by the theoretical scattering
calculations are inaccurate due to small inaccuracies in the
PES’s. We see in Fig. 6(a) that the predicted resonance energies
are slightly di�erent when the cross sections are computed
using the CCSD(T) and MRCI PES’s. However, for neither
set of PES’s is a large dip found in the computed excitation
functions.

We considered several explanations for the observed dip
in the excitation function near 93 cm�1. At a resonance the
lifetime of the collision complex will be longer than for
collisions at nearby energies. This lifetime can be estimated
from the energy derivative of the S-matrix.26 We obtained
a lifetime of about 50 ps for the computed resonance near
93 cm�1, which is indeed longer than what we would expect
for a collision of OH with H2 (we estimate �col ⇧ 1 ps). If a
chemical reaction were to occur within this lifetime, then the
signal for the j ⌃1 = 5/2 F1e level would be reduced. This seems
highly improbable since the barrier for the OH +H2 reaction is
⇤2130 cm�1 (Refs. 20, 45, and 46) which is much larger than
the collision energy. We can similarly eliminate the possibility
that a secondary collision could dissociate the transient OH–H2
complex and lead to a significant dip in the excitation function
since the probability of a secondary collision of the complex
with background gas is estimated to be ⇤10�5.

The angular distribution of the scattered OH could be
di�erent for a collision at an energy near that of a resonance.26

In the present experiment, we are detecting the heavy collision
partner at an energetic threshold, so that the OH center-of-mass
velocity is much smaller than the velocity of the center of mass
of the complex. Hence, the presence of the resonance should
not significantly a�ect the laboratory angular distribution.
Polarization e�ects were also considered since the detection
laser was linearly polarized in the scattering plane. Collision-
induced alignment was quantified by computing |m j |-resolved
DCS’s for the j ⌃1 = 5/2 F1e final level. No substantial changes
at the resonance energy were found in either the degeneracy-
averaged DCS, or the DCS for specific OH |m j | sublevels.

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  152.77.24.10 On: Thu, 01 Dec
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OH+ excitation
OH+(j, F) + H à OH+(j’, F’) + H

¡ The abstraction channel is closed, 
in contrast to CH++H

¡ Rigid-rotor approximation is
acceptable (Stoecklin et al. 2015), 
see talk by François Lique

¡ Electron-impact cross sections also
available (van der Tak et al. 2013)

Stoecklin et al. J Phys ChemA (2015)

interaction. But if we consider the H + OH+ reaction, the long-
range charge-induced-dipole potential of the PES for both spin
multiplicity plays a major role in the usual interstellar low
temperature conditions. Thus, a special care was given to its
inclusion in our recent work dedicated to the development of
an analytical model of the doublet surface.14 In the present
study, we will introduce a modification of the M4PES to
include a long-range interaction term before comparing the
rotational excitations resulting from collisions with hydrogen
on the G2PES and on this modified M4PES. We will also
consider an important issue for these two systems, which is to
determine if the coupling between vibration and rotation may
affect the rotational excitation rate of OH+. This problem
deserves to be addressed especially in the case of the doublet
PES, which has a deep potential well (almost 6 eV) and
therefore is expected to couple many vibrational channels of
OH+.
To model the usual interstellar medium conditions,

calculations of the inelastic rate coefficients at low temperature
are needed and the use of a time-independent quantum method
is required. But the well depth energy of doublet H2O

+ is
particularly large and one reactive channel is open. That makes
time-independent quantum dynamics difficult to perform,
owing to the very large number of partial waves, helicities,
and rovibrational channels needed. The present study is thus
restricted to inelastic quantum dynamics calculations, which
significantly reduces the computational demand. We will
discuss the validity of this approximation and compare close
coupling inelastic calculations, neglecting the exchange channel,
but including vibration, with rigid rotor results. On our way we
will propose an explanation to the fact that the exchange
channel is negligible for the quadruplet PES and use quasi-
classical trajectories (QCT) results to discuss this issue on the
doublet surface. We will eventually use the calculated close
coupling rate coefficients to discuss the role played by the
doublet and quadruplet surface in a given rotational transition.
The paper is organized as follows. In section 2 we present the

adaptation of a long-range interaction potential on the M4PES
and we remind the main features of our recently developed
G2PES. In section 3, we discuss for each spin multiplicity the
validity of the rigid rotor approximation and the importance of
the exchange reaction. In the same section, we report the QCT

calculations of the lifetime of the doublet H2O
+ intermediate

complex. Then the different methods used to perform the
dynamics calculations are introduced and the results are
analyzed and discussed. The conclusions of our work are
given in section 4.

2. POTENTIAL ENERGY SURFACES
Both surfaces have an endothermic reactive abstraction channel,
with a reaction enthalpy of 0.47 and 2.32 eV, respectively, for
the quadruplet and the doublet PESs. At the low collision
energies considered in this work, these reactive channels are
closed. A schematic diagram of the PESs is shown in Figure 1.

2.1. Quadruplet PES. The description of the long-range
interaction between the reactants is missing in the M4PES, as it
was originally developed for the reverse O+ + H2 reaction. On
the contrary, the long-range interaction potential is mandatory
for a proper study of the dynamics of the H + OH+ reaction at
low temperatures, especially for a reaction involving an ionic
species. We therefore designed a new model of the quadruplet
PES which merges the M4PES and a model for the long-range
interaction in the following way. The functional form of the
new PES (hereinafter S4PES) is defined as the sum of the two-
body and three-body terms:

= +
+ +
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The two-body terms are taken from the M4PES and the
three-body term is in turn defined as the sum of the short-range
VS and the long-range contributions for the ith arrangement Vi
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The short-range function VS is taken to be the three-body term
of the M4PES whereas the switching function S depends on the
Jacobi coordinate ρ2 and ρ3 of the H + OH′+ and H′ + OH+

arrangements, respectively. The long-range interaction Vi
L has

been defined previously.14 A smooth connection between the
long-range and the short-range functions is ensured by the use
of the switching function defined by

ρ ρ ρ= − −S A( ) 1
2
[1 tanh( ( )]0 0 (3)

where ρ0 is fixed here at 10 a0, and A0 = 0.4 a0
−1. These values

were determined by the trial and error method. The asymptotic
limits of the switching function are 1 or 0 for ρ small or ρ large,
respectively. The switching function is applied in both
arrangements H + OH′+ and H′ + OH+, such that the H
exchange symmetry requirement is satisfied. Thus, the effect of
the increase of ρ2 or ρ3 from 0 toward large values is to replace
progressively the short-range potential VS by the long-range
potential VL.

2.2. Doublet PES. The model of the G2PES that we
developed was presented in our first paper dedicated to this
system where more details can be found.14 Shortly, the
functional form is based on a many-body expansion including
two-body V(2) and three-body V(3) terms. The three-body term
V(3) is the sum of two contributions VSR and VLR associated
respectively with the short- and the long-range parts of the PES,

Figure 1. Schematic diagram of the doublet PES (red) and quadruplet
PES (blue). The reactants and products are indicated in black. The
equilibrium geometry configuration of the doublet and quadruplet
PESs and the saddle point of the quadruplet PES are shown by
schematic drawings. The two hydrogen atoms are denoted H and H′
when it is necessary to distinguish them.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b09607
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Chlorine



HCl excitation
HCl(j) + H2 à HCl(j’) + H2

¡ HCl expected to be the main 
reservoir of chlorine in dense gas

¡ Calculations with H2 strongly
differ from He, e.g. near-resonant
energy transfer.

¡ From the detection in L1157-B1 
(Codella et al. 2012) HCl is a 
negligible reservoir of chlorine

Lanza et al. J Chem Phys (2014)

064316-9 Lanza et al. J. Chem. Phys. 140, 064316 (2014)
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FIG. 11. Cross sections for selected transitions out of HCl( j1 = 7).

have the same propensity rules than for HCl–H2. But for sev-
eral other systems, the propensity rules depend on H2 species
(para- and ortho-H2). For example CO–H2 exhibits a propen-
sity for odd !j1 with para-H2 and for even !j1 with ortho-
H2. SiS,48 HF,21 and CN53 have also this kind of H2 species
dependence. The reason for this behaviour is that the PES
of these systems have a different anisotropy for para-H2 and
ortho-H2 collisions.

Finally, Fig. 11 shows some cross sections for different
transitions out of j1 = 7. One can observe that the transition
HCl( j1 = 7) + H2( j2 = 2) → HCl( j1 = 9) + H2( j2 = 0) is
the dominant transition at low and intermediate energies.

This behavior could be surprising. Indeed, for this
transition, there is a change of both HCl and H2 rotational
states that should normally lead to a small to negligible cross
section (See Fig. 8). Actually, this transition is even among
the most favorable transitions. This behavior can be explained
by noticing that the level HCl( j1 = 7) + H2( j2 = 2) channel
is energetically close of the HCl( j1 = 9) + H2( j2 = 0) one
(!E = 3.6 cm−1) as we can see it on Fig. 12 that presents
the diagram of the energy levels of HCl and H2. Such an
effect is called near-resonance energy transfer and shows
the importance of including j2 = 2 in the basis of para-H2.
This effect is also at the origin of the high magnitude of
HF–para-H2

21 cross sections with a change of both HF and
H2 rotational state. It is also observed in spin-orbit relaxation
of Cl(2P1/2) in collision with H2

54 where the near-resonant
energy transfer plays a dominant role for the relaxation of

FIG. 12. Diagram of rotational energy levels of HCl with H2( j2 = 0) on the
left side, and with H2( j2 = 2) on the right side.

Cl atom. Such effects also occur for ro-vibrational transition
such as in H2–H2 collisions where inelastic collisions that
involve small changes in the internal energy are found to be
highly efficient.55 The effectiveness of these quasi-resonant
processes increases with decreasing collision energy and they
become highly state-selective at ultracold. We also expect that
such effect should be at work for collision with ortho-H2 but
for higher excited states of HCl not considered in this work.
However, this resonance mechanism is particularly selective,
as it works for small !j1 transitions and then can expected to
be observed only for molecules with small moment of inertia.

It is also of some interest to compare present results with
the HCl–He rate coefficients obtained recently by some of us,4

since collisions with helium are often used to model collisions
with para-H2( j = 0).56 It is generally assumed that rate coef-
ficients with para-H2( j = 0) should be about 50% larger than
He rate coefficients owing to the smaller collisional reduced
mass and the larger size of H2. Lanza and Lique4 have calcu-
lated inelastic cross sections and rate coefficients for HCl–He.
They have found the same propensity rules in favor of odd !j1
transitions for HCl, but the magnitude of the cross sections is
very different. Cross sections for collisions with H2 are sig-
nificantly larger than cross sections for collisions with He, es-
pecially at low collisional energies (≤300 cm−1) where the
difference can be up to a factor of 10. We could explain these
differences by looking at the well depth of the corresponding
PES: HCl–He well depth is −31.96 cm−1, whereas HCl–H2

well depth is −213.38 cm−1. Then, for hydrides molecules, it
confirms that He cannot be used as a model for H2 as already
found for HF21 or H2O.50

V. CONCLUSION

We have computed the 4D PES for HCl–H2 van der
Waals system at the CCSD(T) level of theory with a large
aVQZ basis set augmented with bond functions. The poten-
tial was expanded in bispherical harmonics. The global mini-
mum (!E = −213.38 cm−1) corresponds to a T-shape geom-
etry with H2 molecule reaching H-atom of the HCl molecule,
whereas a secondary minimum (!E = −99.09 cm−1) also
corresponds to a T-shape geometry but with H2 molecule
reaching Cl-atom of the HCl molecule. The calculated dis-
sociation energy of the ortho-H2 complex (D0 = 42.3 cm−1)
is in a good agreement with the experimental value of
45 ± 2 cm−1.19 The para-H2 complex is found to be less
bound than ortho-H2 with a calculated value of dissociation
energy of 34.7 cm−1.

Scattering calculations were performed using this new
accurate PES. The results can be summarized as follows:! We found a selective near-resonance energy transfer

mechanism that highly increases the magnitude of the
cross sections when two channels are energetically
close. Such effect is observed for the HCl( j1 = 7)
+ H2( j2 = 2) → HCl( j1 = 9) + H2( j2 = 0) transi-
tions.! We have found that the inelastic cross sections depend
on the H2 rotational level. The cross sections for col-
lisions with para-H2( j2 = 0) are smaller than the ones

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
152.77.24.10 On: Wed, 16 Apr 2014 15:50:56

quasi-resonance



Argon



Hamilton et al. MNRAS (2016)

ArH+ excitation

¡ ArH+ first detected in the Crab
nebula by Barlow et al. (2013)

¡ Collisions with H and H2 can be
neglected (Loh et al. 2012)

¡ Robust determination of electron
density (in good agreement with
S+ observations)

3286 J. R. Hamilton, A. Faure and J. Tennyson

Figure 8. Surface brightness (in 10−10 Wm−2sr−1) for the j = 1 − 0 and 2
− 1 rotational lines of 36ArH+ from the Crab nebula as function of column
density. The blue and red hatched zone show the observational results of
Barlow et al. (2013) at the position of the SLW C4 and SSW B3 SPIRE
detectors.

Loh et al. (2012). These authors employed emission lines from
ortho-H2 to derive (molecular) temperatures in the range ∼2200–
3200 K. In addition, emission lines from atomic S+ were used to
estimate ne ∼ 1400–2500 cm−3, from which total hydrogen densi-
ties (nH = n(H+) + n(H) + 2n(H2)) in the range ∼14 000 − 25 000
were inferred (Loh et al. 2012). As electron-impact rate coefficients
for dipolar transitions are typically 104–105 larger than those of
neutrals, collisions with H and H2 can be safely neglected. Assum-
ing that the proton (H+) fraction is small in the filaments, electrons
should be the dominant colliding species, with a fraction ne/nH ∼
0.1. The electron density and temperature were fixed in our calcula-
tions at ne = 2000 cm−3 and T = 3000 K. The line width (FWHM)
is unresolved with Herschel/SPIRE but it was taken here as 20 km
s−1, as expected in the molecular gas of the nebula (Richardson
et al. 2013). Finally, the column density of 36ArH+ was varied from
1011 to 1013 cm−2.

Our results are presented in Fig. 8 for a position in the Crab nebula
where both the j = 1 − 0 and 2 − 1 lines were detected (SLW C4 and
SSW B3 detectors, respectively, see Barlow et al. 2013). It is found
that the observed surface brightnesses of the two rotational lines can
be reproduced simultaneously by our model for a column density of
∼1.7 × 1012 cm−2. This value is in good agreement with the lower
limit of Barlow et al. (2013), as expected from our higher electron
density and larger 0 → 1 collisional rates. It should be noted that
the surface brightnesses at other positions in the nebula are similar,
within a factor of ∼3, suggesting similar column densities. We can
also notice that the surface brightnesses increase linearly with the
column density, as expected in the optically thin regime (opacities
are much lower than unity).

In order to test the influence of the electron density, we show in
Fig. 9 the sensitivity of the (2 − 1)/(1 − 0) line emission ratio.
The ratio derived by Barlow et al. (2013) at the above position
in the nebula is ∼2 and it was found to be very similar (∼2.5)
on a bright knot. In our LVG calculations the temperature is still

Figure 9. Plot of the (2 − 1)/(1 − 0) line surface brightness ratio predicted
for a 36ArH+ column density of 2 × 1012 cm−2. The red hatched zone
shows the observational result of Barlow et al. (2013) at the position of the
SLW C4 and SSW B3 SPIRE detectors.

fixed at T = 3000 K and the column density at N (ArH+) = 2 ×
1012 cm−2. On Fig. 9 it is observed that at high electron density
(ne > 105 cm−3), when the rotational populations are thermalized
(i.e. at LTE), the line ratio is ∼31. The ratios observed in the Crab
nebula therefore suggest a strongly non-LTE excitation of ArH+. We
also observe that the line ratio strongly decreases with decreasing
electron density. Our model thus requires electron densities in the
range 2–3 × 103 cm−3 to reproduce the observed ratio, in very
good agreement with the values derived by Loh et al. (2012) from
S+ lines. The line ratio was also found to depend only very weakly
on column density (in the range 1011 to 1013 cm−2) and temperature
(in the range 2000–3000 K). As a result, the (2 − 1)/(1 − 0)
emission line ratio of ArH+ is found to provide a robust and accurate
measurement of the electron density in hot and highly ionized region
of the molecular ISM.

5 C O N C L U S I O N S

In this paper, we present electron-impact rotational rate coefficients
for diatomic hydride cations of great astrophysical interest. A com-
plete set of data has been placed in the BASECOL (Dubernet et al.
2013) and LAMDA (Schöier et al. 2005) data bases. These data
comprise electron-impact rotational excitation and de-excitation
rate coefficients for HeH+, 12CH+, 13CH+, 36ArH+, 38ArH+ and
40ArH+, for all transitions !J = 1 − 8 involving initial states of
J = 0 − 10 for excitation and J = 11 − 1 for de-excitation. These
(de)excitation rates should provide useful inputs for models of a
variety of different astronomical environments were molecular ions
are formed. We have in particular employed the 36ArH+ data to
model the 1−0 and 2−1 emission lines observed by the Herschel
Space Observatory towards the Crab nebula. These data have al-
lowed us to derive both the 36ArH+ column density and the electron
density in this source. Finally we note that both 36ArH+ and 38ArH+

have recently been detected in an extragallictic source (Müller et al.
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Summary
List of available systems

¡ home.strw.leidenuniv.nl/~
moldata/

¡ basecol.obspm.fr/

¡ ipag.osug.fr/Hydrides/

He H2 H e-

CH X X

CH2 X

CH+ X X X

NH X

NH2 X

NH3 X X X

OH X X

H2O X X X X

OH+ X X X

H3O+ X

SH X

HF X X

HCl X X X X

ArH+ X



Conclusions

¡ Current calculations give an accuracy rivalling experiment

¡ Excitation of hydrides is strongly sensitive to the collider 
(He, pH2, oH2, e-)

¡ State-to-state formation rates are becoming available

¡ Nuclear spin selection rules are crucial to model o/p ratios
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