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State-to-state molecular collisions: 
progresses and prospects



   ➢ ALMA and HERSCHEL
   ➢ Study of chemical composition and evolution of the ISM  

   ➢ Spectral lines analysis

→ Interstellar molecules identification

→ Physical conditions: Temperature, molecular 
abundance, gas density …

   ➢ Evolution of interstellar matter
→ Formation of interstellar molecules

Collisional rate coefficients ➩

Reactive rate constants ➩

HIFI spectral scan of Orion (Bergin et al. 2010)

I – Introduction

Roueff & Lique, Chem. Rev. 113 (2013)
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C12 et C21 : Rate coefficients        B12, B21 et A12 : Einstein coefficients 

Calculation of rate coefficients for interstellar  
molecules in collision with He, H and H2 

Knowledge of the population of the energy levels of molecules 

Modeling observational spectra
Molecular abundance

Gaz Density n(H2)
Temperature

Rate coefficients: Boltzmann average of the cross sections 

I – Introduction
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I – Introduction

2000 – 2010:    - Data for collisions between the most abundant interstellar (closed shell) 
           molecules with He and/or H2: H2, HD, CO, HCO+, H2O, SiS, NH3, HF, …
         - Data for collisions between the open-shell molecules with He : CN, SO, 
           OH, O2, NH, …  

Molecular Excitation in the Interstellar Medium: Recent Advances in
Collisional, Radiative, and Chemical Processes
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1. INTRODUCTION
Our main knowledge about astrophysical environments relies
on radiative spectra. Absorption studies require background
sources that are located hapharzadly in astrophysical environ-
ments, although they might offer quite useful information.
Sufficiently high spectral resolution and sensitivity also allow
absorption spectra to be measured from different rotational
levels, including the ground state, giving access to the full
column density of the detected molecule. Astrophysical
observations indeed allow one to derive only column densities
representing the integration of the abundances over the line of
sight. Assuming a homogeneous cloud, one can then convert
these column densities into abundances after estimating the
thickness of the absorbing/emitting region. Alternatively,
emission spectra arise after a proper excitation of the emitting
level. The emitted radiation is directly linked to the population
of the upper level but can also depend on the population of the
lower level and on the properties of the environments located
between the source and the observer. As an example, the
presence of dust particles induces additional absorption and
scattering that can considerably modify the observed emitted
spectrum. Such effects result from radiative transfer and are not
discussed in this review. We consider only specific microscopic
processes that can lead to excitation. Collisional excitation is
the basic process, and its efficiency relies on the composition of
the medium providing the density of the main perturbers and
the temperature, which establishes the degree of excitation and,
consequently, drives the intensities of the radiated emission.
Nevertheless, other excitation mechanisms can be at work such
as radiative or chemical pumping.
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I – Introduction

2000 – 2010:    - Data for collisions between the most abundant interstellar (closed shell) 
           molecules with He and/or H2: H2, HD, CO, HCO+, H2O, SiS, NH3, HF, …
         - Data for collisions between the open-shell molecules with He : CN, SO, 
           OH, O2, NH, …  

Presently:        - PCMI: Collisions moléculaires inélastiques: nouvelles perspectives théoriques 
Grenoble, Meudon, Marne La Vallée, Montpellier, Le Havre
Excitation of complex organic molecules: H2CO, CH3COOH
Excitation of open-shell molecules by H2: CN, O2, C2H
New methodologies: HCl, N2H+

Data production: HCO+, SiO, C2H-, CN-, Metal cyanides …

              - ANR Hydrides: Understanding the excitation and chemistry of hydrides
Grenoble, Rennes, Bordeaux, Le Havre
Excitation of interstellar hydrides: HCl, OH, CH, NH3
Competition between inelastic and reactive processes: OH+

Experimental studies: CO, OH, CH

         - ASTRONET
Bordeaux, Meudon
Excitation of bending modes of interstellar molecules: C3, HCN

Poster of Alexandre Faure



Born-oppenheimer approximation (1927)

II – Collisional excitation: Theory

2 stages : 

ab initio calculation of the potential
 energy surface between particules Study of the dynamical of the nuclei

Quantum chemistry 
Semi-empirical methods

Quantum Methods (TI et TD) 
Classical methods

Collisional cross sections calculations:
                         - Close Coupling (Exact calculations; CPU time : (Channel number)3) 
Accuracy          - Coupled states (Neglect coupling between rotational momentum and angular momentum)

       - IOS (Neglect rotation of the molecule during collision)

σ ij (Ek )
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➢ Computation of Close Coupling cross sections for 
     fine structure excitation of O2 by H2

III – PCMI Project: O2-H2

Lique et al., A&A 567, A22 (2014) 

0 50 100 15010−13

10−12

10−11

10−10

10−9

Temperature (K)
k 

(c
m

3  m
ol

ec
ul

e−
1  s

−1
) 56 → 34

56 → 12

56 → 33

56 → 10

O2—H2 rate coefficients out of 56 state

Cut of the 4D O2-H2 PES for θ’ =90° and φ = 0° 

Potentiel well ~ 67.69 cm-1 
 

Weak anisotropy with respect 
to θ’ and φ angles   

€ 

j =N+ S

Diagonalisation of 

€ 

ˆ H rot + ˆ H S−N + ˆ H S−S in the 

€ 

NSjm pure hund case (b) basis

total
rotation

spin

Intermediate coupling scheme :

Kalugina et al. PCCP 14, 16458 (2012)  



O2(N=1, j=0) + p-H2 → O2(N=1, j=1) p-H2 ICS: 
Experiments (open circles); theory (solid line) 

➢ Excellent between experiments and theory

➢ Theory reproduces well the position and 
width of the 3 peaks (10 → 11 transition) 

➢ Pure quantum nature of the inelastic 
collision process  

Comparison with crossed-beam experiments (Bordeaux)
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Fig. 1. Collisional energy dependence of the integral cross sections for O2 excitation (N = 1, j = 

0) → (N = 1, j = 1). Experimental data with para-H2 (open circles); theoretical ICSs convoluted 

with the experimental collision energy spread (solid line). 
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Fig. 2. Collisional energy dependence of the integral cross sections for O2 excitation (N = 1, j = 

0) → (N = 1, j = 1). Experimental data with para-H2 (open circles) and normal-H2 (open 

triangles). 

 

III – PCMI Project: O2-H2

Chefdeville et al. Science 341, 1094 (2013)
Lique et al., A&A 567, A22 (2014)
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O2(N=1, j=0) + p-H2 → O2(N=3, j=2) n-H2 ICS: 
Experiments (open circles); theory (solid line) 
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Exp.: Brunet et al. J. Chem. Phys. 116, 3617 (2002)  
Inelastic rate coefficients at room temperature out of N1=4 and N1=11 : theory vs. experiments

III – PCMI Project: CN-H2

Kalugina et al., J. Chem. Phys. 139, 074301 (2013)  

Species	   Exp.1	   Our	   Ref.2	  

p-‐H2	  
o-‐H2	  

	  
38±1	  

27.73	  
38.75	  

15.4	  
26.3	  

Binding energies D0 (in cm-1) of CN-H2 C

N

θ
θʹ

φ z

Cut of the 4D CN-H2 PES for θ’ =0° and φ = 0° 
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Double recoupling on S-matrices 

Δj1 = ΔN1 

j1= N1 +S1 F1= j1 +I1Hyperfine levels of CN: N1 j1 F1
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III – PCMI Project: CN-H2

       Need for fine / hyperfine structure resolved rate coefficients
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III – PCMI Project: C2H-H2
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III – PCMI Project: CH3COOH-He
– 10 –
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Fig. 5.— Intensity (∆T ∗

a in K) of A-methyl formate rotational transitions in the frequency

range 0-50 GHz. PRIMOS data are plotted in the upper panel. Our best fit non-LTE results

are represented in the middle panel. All lines marked with an asterisk are weak masers

amplifying the continuum of Sgr B2(N). The bottom panel gives LTE results. The shaded

areas show the observing passbands in the PRIMOS survey.

Crucial importance of non-LTE effects in the rotational spectra of 
complex organic molecules at centimetre wavelengths 

Collisional excitation of methyl formate by He Observations modeling of CH3COOH 
emission from Sagitarius B2

Faure et al., ApJ 783 72 (2014)



III – PCMI Project: New methodologies

CCSD(T)-F12 and CCSD(T) HCl-He PES

Temperature variation of HCl-He rate 
coeffcients obtained from different PES

Validation of PES obtained using 
explicitly correlated approaches

Ajili et al., PCCP 15, 10062 (2013) 
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III – PCMI Project: New methodologies
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IV – ANR hydrides: NH3-H2

5

Figure 5. Cross sections associated to the 2−2 → 10 NH2D transition and
corresponding to the various J2 → J′2 H2 transitions with para–H2 either
in its fundamental state (J2 = 0) or first excited state (J2 = 2). The cross
section with ortho–H2 (J2 = 1 − 1) is also indicated, for a reduced range of
kinetic energies.

correspond to the CC and scaled–CS cross sections. For the other
transitions (indicated in blue), we report the CC points we calcu-
lated. For the latter, we included the reference CC points used to
scale the CS cross sections, i.e. for total energies between 110 and
250 cm−1, which explains why the step in energy is large for the
highest kinetic energies. First, when considering this figure, it is im-
portant to notice that the cross sections predicted to be null with the
CS formalism are indeed of lower magnitude by comparison with
other transitions. Additionally, from the few transitions available, it
appears that these cross sections decrease quickly with increasing
kinetic energy. As an example, the 10 → 00 transition decreases by
4 orders of magnitude between 1 cm−1 and 110 cm−1. Finally, all
these transitions seem to share a similar shape. These peculiarities
of the null CS cross sections makes it possible to calculate the rate
coefficients for the levels up to Jτ = 32, with a reasonable accuracy
up to 300 K, despite the truncation in energy of the grid. This point
will be further discussed in the next Section where we also derive
analytical formulae which are used to estimate the null Jτ → 00
rate coefficients for the levels above Jτ = 32.

Finally, since we performed calculations with a J2 = 0, 2 ba-
sis for H2 and since the energy grid was well sampled, the cross
sections that involve the excited J2 = 2 state of H2 can be used to
derive the corresponding rate coefficients. Indeed, the convergence
criteria previously discussed also apply to the transitions J2 → J′2
with either J2 or J′2 equal to 2. In Fig. 5, we give a characteris-
tic example of such transitions and show the transitions related to
the 2−2 → 10 state–to–state transition of NH2D and that involve
the various possible rotational states of H2. From this figure, it ap-
pears that the transitions which are inelastic for H2 are of lower
magnitude than the elastic transition, by typically one or two or-
ders of magnitude. Moreover, we find that the J2 = 2 → 2 transi-
tions are larger than the transitions J2 = 0 → 0. These conclusions
apply to the whole set of transitions and were already reached for
other molecular systems (see e.g. Dubernet et al. 2009; Daniel et al.
2010, 2011; Wiesenfeld & Faure 2013).

4 RATE COEFFICIENTS

The collisional de-excitation rate coefficients are calculated by av-
eraging the cross sections with a Maxwell–Boltzmann distribution
that describes the distribution of velocity of the molecules in the
gas (see e.g. eq. (5) in Wiesenfeld et al. 2011). In Table 2, we give
the de–excitation rate coefficients for levels up to Jτ = 22, with
J2 = 0 → 0, and for temperatures in the range T = 5–100K. The
way these rates are obtained is further discussed below. This table
is directly comparable to Table 7 of Machin & Roueff (2006) where
the same quantities are given for the NH2D / He system. The whole
set of rate coefficients, with higher temperatures and with a more
extended set of molecular levels will be made available through
the LAMDA (Schöier et al. 2005) and BASECOL (Dubernet et al.
2013) databases.

4.1 Null CS cross sections

As outlined in Section 3, the transitions Jτ → 00 where τ ranges
from τ = −J + 1 to τ = J − 1 with a step of 2 are predicted to
be equal to zero with the CS formalism. Using the available CC
calculations, we are however able to calculate these rate coefficients
for the transitions with J ! 3 and up to 300 K with a reasonable
accuracy (see Appendix B). Since the current set of rate coefficients
considers levels up to Jτ = 77, it is necessary to estimate the rate
coefficients for the transitions that connect the fundamental energy
level to the levels with J " 4 which are predicted to be null with
the CS formalism. To do so, we extrapolate the behaviour observed
for the rates with levels such that J < 4 and derive the following
expression :

R(Jτi → 00) = R(10 → 00) ×
(

1
1.35

)J−1

×

(

1
2.6

)i−1

(1)

with τi = −J + 1 + 2 × (i − 1) ; i ∈ ⟦1; n⟧

and n = E
(

2J + 1
2

)

We can expect large errors of the corresponding rate coefficients,
typically of a factor 10 or higher, since this expression is estab-
lished on the basis of a poor statistics. However, since the cor-
responding rate coefficients should play only a minor role in the
pumping scheme, these uncertainties should not have noticeable
consequences on the predicted line intensities. In any astrophysical
application, this assumption should however be checked. For exam-
ple, as was done in Daniel et al. (2013), the sensitivity of the line
intensities to the corresponding rate coefficients can be assessed
by considering randomly scaled values for these rates around their
nominal value.

4.2 Rate coefficients accuracy

The accuracy of the current rate coefficients is limited by the fol-
lowing assumptions. A first source of error comes from the neglect
of the inversion motion. However, we expect that this hypothesis
should only have marginal effects on the rate coefficients, at least
in comparison to the other sources of error. A second limitation
comes from the fact that the PES was calculated for the equilibrium
geometry of the NH3 molecule. The PES was corrected for the dis-
placement of the center of mass between NH3 and NH2D, but the
variation of the bond length from NH to ND was neglected. The
effect introduced by taking into account the vibrationally averaged
geometry of NH2D, rather than taking the NH3 internal geometry,

New rate coefficients for ammonia and its isotopologues:  
- Calculations for both p- and o-H2

 

Significant differences with He

Poster of Claire Rist 

NH2D-H2

Daniel et al., MNRAS 444, 2544 (2014)

Comparison between NH2D- H2 and  NH2D – He 
rate coefficients (Machin et al. 2006) 

 

ND2H-H2



IV – ANR hydrides: OH+

The Astrophysical Journal, 794:33 (16pp), 2014 October 10 Gómez-Carrasco et al.
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Figure 9. Kinetic temperature and abundances relative to total hydrogen density
of H, H2, O+, OH+, and e− computed with the Meudon PDR code as functions
of the visual extinction from the ionization front across a prototypical hot and
dense PDR (χ =104 and n = 104 cm−3).
(A color version of this figure is available in the online journal.)

In these environments, van der Tak et al. (2013) proposed that
the formation of OH+ via

O+ + H2 → OH+ + H (∆H0 = −0.47 eV) (4)

is sufficiently rapid to compete with (or even dominate) the non-
reactive inelastic collisions in the excitation of the rotational
levels of OH+. Because of lack of information, they assumed
that the probability of forming OH+ in an excited level follows a
Boltzmann distribution at a formation temperature Tf = 2000 K,
i.e., approximately one-third of the exothermicity of the above
reaction.

We break here from this approach and treat the chemistry
and excitation of OH+ self consistently in the framework of the
Meudon PDR chemical model (Le Petit et al. 2006; Le Bourlot
et al. 2012) in order to address the following questions. What are
the relative importances of each process in the excitation of the
rotational lines of OH+? In particular, does the state-to-state rate
constant substantially influence the emissivities of this species?

5.1. Modeling of Hot and Dense PDRs

We consider a prototypical hot and dense PDR, i.e., a one-
dimensional slab of gas of total visual extinction AV,max =
10, with a density nH = 104 cm−3, a CR ionization rate
ζ = 3 × 10−16 s−1 (Indriolo et al. 2007; Indriolo & McCall
2012) and illuminated from one side by a UV radiation field
of 104 that of the local interstellar radiation field (Mathis
et al. 1983). The Meudon PDR code has been run using the
standard chemical network available online.10 The resulting
kinetic temperature of the gas, its electronic fraction, and the
relative abundances of H, H2, O+, and OH+ are shown in Figure 9
as functions of the distance from the ionization front. These
chemical profiles indicate that the abundance of OH+ peaks
(n(OH+) ∼ 1.8×10−5 cm−3) at 0.3 ! AV ! 0.7, i.e., in a region
where the kinetic temperature ∼300 K, n(e−) ∼ 1.6 cm−3,
n(He) ∼ 103 cm−3, n(O+) ∼ 1.3 × 10−5 cm−3, and where most
of the hydrogen is in atomic form (n(H2) = 102 cm−3).

The non-reactive inelastic collision rates of OH+ with H, H2,
He, and e− have all been implemented in the Meudon PDR

10 http://pdr.obspm.fr/PDRcode.html

code. For collisions with He, we adopt the rates computed in the
previous sections. For collisions with H and H2, we scale the
OH+–He collisional rates by using the cross sections calculated
for He but using the good reduced mass in the thermal average
done to calculate the corresponding rate constants. The validity
of such an approach for determining H rate coefficients, the
dominant collisional partner in our model, has been tested. We
performed, using the OH+

2 PES of (Martı́nez et al. 2004), two-
dimensional scattering calculations for the rotational excitation
of OH+ by H at a few selected energies. The agreement between
these calculations and the data extrapolated from the He ones is
better than a factor of two or three for most of the transitions.
Then, we can certify that the present approach is adequate for
modeling the effect of H collisions. At last, for collisions with
electrons, we adopt the rates of van der Tak et al. (2013) given
in their Appendix A and available on the LAMBDA website
(Schöier et al. 2005) who performed detailed calculations of
the ∆N = 1 transitions. Given the large dipole moment of
OH+ we finally assume k(∆N = 2) = 0.1 × k(∆N = 1) and
k(∆N > 2) = 0 (Faure & Tennyson 2001) for higher transitions
of the OH+–e− system.

Concerning the chemical de-excitations, the destruction rates
of individual OH+(N, J ) states are unknown and here are
supposed to be independent from N, J for all the reactions
involved in the destruction of OH+. Inversely, we assume that
the probabilities of forming OH+ in an excited level follow a
Boltzmann distribution at the kinetic temperature of the gas for
all the reactions involved in the production of OH+, except for
reaction (4) for which we use our quantum calculations of the
state-to-state rate constants.

5.2. Intensities of the First Rotational Lines of OH+

Following Zanchet et al. (2013b), the Meudon PDR code has
been run in three different configurations: (1) considering only
the excitation by nonreactive collisions, (2) including chemical
pumping assuming that the probability to form OH+ in an
excited level via reaction (4) follows a Boltzmann distribution
at a formation temperature of 2000 K (as done by van der Tak
et al. 2013), and (3) adopting the branching ratios obtained with
our quantum calculations (Table 3). The continuum-subtracted
intensities in the direction perpendicular to the slab of the
N = 1 → 0 and N = 2 → 1 rotational lines of OH+ are
shown in Figure 10.

The analysis of the main excitation and de-excitation path-
ways at the peak of OH+ abundance shows that the excitation
of the N < 3 levels is primarily driven by inelastic collisions
with electrons and atomic hydrogen. As a result, the intensities
of the N = 1–0 and N = 2–1 transitions predicted by models
with densities ranging between 104 and 105 cm−3 increase by
less than 10% when we take the chemical pumping into account.
Moreover, we find no substantial difference between the models
computed with detailed state-to-state chemical rates and those
obtained with a Boltzmann distribution function. The chemical
pumping has a stronger impact on the population of the N > 2
levels, but only in the inner parts of the cloud where the kinetic
temperature is lower.

While these results stress the importance of detailed calcu-
lations of inelastic collisional rates, they do not preclude the
existence of interstellar media where the integrated intensities
of the rotational lines of OH+ may be driven by chemical pump-
ing. Indeed the abundance of OH+ peaks in a region of the cloud
where the abundance of H2 varies over more than four orders of
magnitude (see Figure 9). A slightly broader peak of OH+ that

7

Collisional excitation of OH+ by H : 
Competition between inelastic and reactive processes

                OHa
+(v’, N’)+Hb

OHa
+(v, N) +Hb →  OHb

+(v’, N’)+Ha

               O++H2(v’, N’)

Inelastic
Exchange
Reactive

Accurate calculations for rotational excitation have to include 
the reactive channels (even if closed at low energies)

Reactive channels are endothermic by 0.5 eV

Gomez-Carrasco et al., ApJ 794, 33 (2014) 
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IV – ANR hydrides: Experiments
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CO(j=0) + p-H2 → CO(j=1) p-H2 ICS: 
Experiments (open circles); theory (solid line) 

Experiment: 
Molecular crossed beams :
ICS corrected from mean interaction time, 
<dt>: ICSexp = IREMPI / (vr <dt>), where 
IREMPI stands for the observed signal and vr 
the relative velocity.

Theory: 
Close coupling calculations
with PES from Jankowski et al., Science 
336 (2012) 1147.

New study of CO-H2 collisions

Poster of Astrid Bergeat

Validation of both theoretical 
and experimental approaches

➢  Very good agreement between 
theory and experiments

➢ Theory reproduces well the position 
of the resonances 



V – Astronet: HCN-He

Contour plot of the interaction energy for selected 
values of γ and for ϕ = 180◦

034304-2 Denis-Alpizar et al. J. Chem. Phys. 139, 034304 (2013)

However, vibrational excitation of HCN has been ob-
served in the interstellar medium. The rotational transitions of
vibrationally excited HCN have been used to probe14 the dust
formation region around the carbon-rich star IRC +10216.
The high vibrational levels are populated by radiation and
by collision, owing to the high temperature, high gas den-
sity and high radiation flux prevailing in the circumstellar en-
velope. Vibrationally excited HCN in the ν2 = 1 state has
been also observed15 in the nucleus of the luminous infrared
galaxy NGC 4418. Most likely, the molecule is pumped to the
excited level by infrared radiation and returned to the vibra-
tional ground state with rotational excitation.16, 17 These ob-
servations suggest that the vibrational excitation of HCN, at
least in the bending motion, deserves to be considered in the
collision mechanisms.

The first studies dedicated to the rotational excitation of
rigid linear HCN (l-HCN) by collisions with He atoms were
based on the potential energy surface (PES) of Green and
Thaddeus.9 This primitive PES was obtained using the uni-
form electron gas model. Several new intermolecular poten-
tials were later published in the last 20 years for the l-HCN-
He system. Drucker et al.18 calculated one at the MP4 level
and reported the first theoretical determination of the high-
resolution microwave and millimeter spectrum. Later Atkins
and Hutson19 obtained two empirical PESs based on two dif-
ferent functional forms using the experimental data avail-
able. Toczyłowski et al.20 reported a theoretical PES calcu-
lated at the CCSD(T) level, hereafter denoted by S01, which
was found to describe correctly the internal-rotational band
measured by Drucker et al.18 and with a global minimum of
−29.90 cm−1. The most recent studies of the rotational excita-
tion of l-HCN by He done by Sarrasin et al.11 and Dumouchel
et al.12 used this last surface. The latest PES published for the
l-HCN-He system is a semi-empirical one by Harada et al.21,
denoted by S02, which was obtained by modifying the S01
surface in order to reproduce the experimental transitions fre-
quencies.

The present paper focuses on the development of a PES
describing the collision between He and HCN considered as
a rigid bender. The vibrational bending motion of HCN is
treated quantally while the CH and CN bond lengths are set to
constant values. As a first test of this new PES, we determined
the rovibrational energy levels of the l-HCN-He system and
compared it to the existing theoretical and experimental data.
We also computed the l-HCN-He inelastic cross sections and
compared it with the theoretical data of Sarrasin et al. In the
second part of this work, the effects of the vibrational bending
of HCN have been investigated by using an interaction poten-
tial averaged on the bending wavefunctions.22, 23 Again, we
calculated the energies of the rovibrational bound states and
the inelastic cross sections and we compared these last results
with the previous ones.

II. AB INITIO CALCULATIONS AND POTENTIAL
FUNCTIONAL FORM

The body-fixed coordinates used in this work are shown
in Fig. 1. R, θ , and ϕ are the intermonomer coordinates which
describe the relative positions of the HCN molecule and He

FIG. 1. Definition of the body-fixed coordinate system for the He-HCN sys-
tem. The planar configuration represented here corresponds to ϕ = 180◦. The
angle ϕ is not defined for γ or θ equal to 0◦ or 180◦.

atom, while γ is the intramonomer coordinate which de-
scribes the bending angle of HCN. R is the distance from the
center of mass of the HCN to the He atom. ϕ is the angle of
rotation around the axis defined by the H atom and the center
of mass of CN. θ is the angle between the latter axis and the
axis defined by the He atom and the center of mass of HCN.
The C–H and C–N rigid bond lengths have been set to the
experimental values24 (rCH = 2.0135 a0, rCN = 2.1792 a0) at
which we have added the corrections for the averaging over
the ground vibrational state.25 This results to rCH = 2.0286 a0

and rCN = 2.1874 a0.
The interaction potential of HCN with He has been calcu-

lated in the framework of the supermolecular approach with
the coupled-cluster method with single and double excitations
and a perturbative treatment of triple excitations (CCSD(T)).
The interaction energy was corrected at all geometries for the
basis set superposition error (BSSE) with the counterpoise
procedure of Boys and Bernardi.26 A comparison of the inter-
action energies calculated with basis sets27 of triple, quadru-
ple, and quintuple-zeta quality is shown in Table I, with or
without an additional set of bond functions28 centered at mid-
distance between the He atom and the HCN center of mass.
The interaction energy, calculated at a configuration close to
the equilibrium geometry, is quite stable in respect of the size
of the basis set and the use of bond functions. For the largest
basis set, it is safe to assume that the convergence of the one-
electron basis is close to the complete basis set limit. Consid-
ering the computational cost associated with the various basis
sets, we have chosen the quadruple zeta basis set with bond
functions.

TABLE I. CCSD(T) interaction energy of the l-HCN-He system at R = 7.97
a0 and θ = 0◦. The use of bond functions is denoted by +bf.

Basis set Energy (cm−1) Relative computational cost

aug-cc-pVTZ+bf −29.85 1
aug-cc-pVQZ −29.64 3.3
aug-cc-pVQZ+bf −30.34 6.2
aug-cc-pV5Z −30.28 21.5
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FIG. 3. Contour plot of the PES for selected values of γ and for ϕ = 180◦.
Negative contour lines (blue) are equally spaced by 3 cm−1.

agreement with the experimental millimeter-wave spectrum.
A secondary minimum with a depth of 22.08 cm−1 and a bent
configuration is found at γ = 180◦, θ = 110.4◦, and R = 6.78
a0. This secondary minimum is very similar to the global min-
imum of the He-CN PES.37 The FORTRAN 90 code of the PES
is available on request by electronic mail to the authors.

B. Bound states and spectrum

The bound levels calculated in the RMA and RBAA with
the present PES are collected in Table II. The approximate ro-
tational quantum number of HCN and orbital quantum num-
ber, j and l, respectively, are also reported in this table. The

TABLE II. Bound levels of the He-HCN van der Waals complex.

RMA RBAA S02aState

l J ε Energy (cm−1) Energy (cm−1) Energy (cm−1)

νs = 0, j = 0
0 0 + −8.986 −8.859 −9.420
1 1 − −8.463 −8.337 −8.890
2 2 + −7.434 −7.307 −7.845
3 3 − −5.928 −5.801 −6.318
4 4 + −3.992 −3.865 −4.358
5 5 − −1.676 −1.550 −2.021

νs = 0, j = 1
0 1 − −5.619 −5.515 −6.128
1 0 + −5.207 −5.097 −5.653

1 + −5.089 −4.986 −5.617
2 + −5.004 −4.905 −5.506

2 1 − −4.153 −4.046 −4.617
2 − −3.954 −3.855 −4.470
3 − −3.822 −3.730 −4.316

3 2 + −2.588 −2.485 −3.044
3 + −2.278 −2.186 −2.774
4 + −2.079 −1.998 −2.556

4 3 − −0.532 −0.435 −0.971
4 − −0.096 −0.013 −0.565
5 − . . . . . . −0.257

νs = 0, j = 2
0 2 + . . . . . . −0.367

νs = 1, j = 0
0 0 + −0.095 −0.072 −0.248
1 1 + . . . . . . −0.222

aReference 21.
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FIG. 4. Interaction energy between He and l-HCN calculated with the
present PES (solid lines) and with the S02 PES (dashed lines), for θ = 0◦

(black), θ = 90◦ (blue), and θ = 180◦ (red).

energies calculated using the RBAA are systematically above
those obtained using the RMA. This is not surprising as the
most attractive bending angle is associated with the linear
configuration of HCN. The maximum value of the total angu-
lar momentum J leading to bound states is 5 in both cases. The
potential well supports 19 bound levels and the dissociation
energy is 8.986 cm−1. Harada et al.21 obtained a larger disso-
ciation energy of 9.420 cm−1 using the S02 PES, which was
optimized in order to reproduce the experimental transitions
frequencies. All the bound state energies calculated by Harada
et al.21 are lower than those calculated in the present work by
about a half cm−1 and they obtained three more bound states.
A comparison between the PES presented in this work and
the S02 PES is shown in Fig. 4. While the depth of the global
potential well (θ = 0◦) is almost the same in both PES, the
S02 PES is deeper by more than 1 cm−1 for the other angular
configurations. This allows the bound levels of the S02 PES
to be slightly lower than those of the present PES.

The calculated transitions frequencies using the RMA
and RBAA approaches are compared in Table III with the
spectroscopic data available.18, 21 Harada et al.21 reported
most of the Q- and R-branch lines including the splitting into
several hyperfine components due to the spin angular momen-
tum of the nitrogen nucleus (I = 1). As our calculation do not
include the hyperfine structure and because the spin splitting
is very small in comparison with the spacings of the rotational
lines, we compare our results with those of Harada et al.21

averaged over the hyperfine components. The agreement be-
tween our results and experiment is quite good, with a dif-
ference of less than 3.2% in the RMA in all cases, with the
exception of the transition at 4604 MHz for which the error
is about 13%. This is however better than the (∼30%) error
obtained by Toczyłowski et al.20 for this line while Harada
et al.21 did not mention it. The agreement between our results
and experiment is even better when using the RBAA approach
as the maximum error is now less than 2.4% again with the ex-
ception of the transition at 4604 MHz for which the error is
about 18.6%. This is the only transition which for the error is
increased when using the RBAA.

The transition ( j = 1←0)R(4) reported by Harada et al.21

is missing in our comparison as it involves the upper state (j, l,
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FIG. 4. Comparison of the elastic and de-excitation cross section of HCN
(ν = 0, j = 3) in collisions with He as a function of collision energy calcu-
lated using the RB-CC, RBAA, and ALM-CC approaches. The final level is
indicated by one integer designating the rotational quantum number.

j = 1) are, for example, found to be almost equal at the RBAA
level while they differ by an order of magnitude at the RB-
CC level. As the number of transitions represented makes the
comparison difficult we compare in Fig. 6 the two types of re-
sults for a few selected transitions. We can see on this figure

FIG. 5. Elastic and de-excitation RBAA cross section of HCN(ν = 2,
j = 1) in collisions with He as a function of collision energy. The final level is
indicated by two integers designating the bending and the rotational quantum
numbers.

FIG. 6. Comparison of some of the de-excitation RBAA and RB-CC cross
section of HCN(ν = 2, j = 1) in collisions with He as a function of collision
energy. The final level is indicated by two integers designating the bending
and the rotational quantum numbers.

that the RBAA approach fails to give an accurate estimate of
the magnitude of the cross sections but gives at least the right
ranking of the transitions cross sections. Not surprisingly, we
find with both methods that the "j = 0 transitions are favored
and that the magnitude of the cross section decreases when "j

FIG. 7. Elastic and de-excitation RB-CC cross section of HCN(ν = 2,
j = 1) in collisions with He as a function of collision energy. The final level is
indicated by two integers designating the bending and the rotational quantum
numbers.

 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:
145.238.193.27 On: Wed, 22 Oct 2014 07:27:04

124317-7 Stoecklin et al. J. Chem. Phys. 139, 124317 (2013)

FIG. 4. Comparison of the elastic and de-excitation cross section of HCN
(ν = 0, j = 3) in collisions with He as a function of collision energy calcu-
lated using the RB-CC, RBAA, and ALM-CC approaches. The final level is
indicated by one integer designating the rotational quantum number.

j = 1) are, for example, found to be almost equal at the RBAA
level while they differ by an order of magnitude at the RB-
CC level. As the number of transitions represented makes the
comparison difficult we compare in Fig. 6 the two types of re-
sults for a few selected transitions. We can see on this figure

FIG. 5. Elastic and de-excitation RBAA cross section of HCN(ν = 2,
j = 1) in collisions with He as a function of collision energy. The final level is
indicated by two integers designating the bending and the rotational quantum
numbers.

FIG. 6. Comparison of some of the de-excitation RBAA and RB-CC cross
section of HCN(ν = 2, j = 1) in collisions with He as a function of collision
energy. The final level is indicated by two integers designating the bending
and the rotational quantum numbers.

that the RBAA approach fails to give an accurate estimate of
the magnitude of the cross sections but gives at least the right
ranking of the transitions cross sections. Not surprisingly, we
find with both methods that the "j = 0 transitions are favored
and that the magnitude of the cross section decreases when "j

FIG. 7. Elastic and de-excitation RB-CC cross section of HCN(ν = 2,
j = 1) in collisions with He as a function of collision energy. The final level is
indicated by two integers designating the bending and the rotational quantum
numbers.

 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:
145.238.193.27 On: Wed, 22 Oct 2014 07:27:04

HCN-He cross sections for vibrationally elastic 
and inelastic transitions : Methods comparison

Rigid rotor approach can be used 
for pure rotational excitation
Exact calculations are needed for 
ro-vibrational excitation



VI – Conclusions

Ø  Computation of inelastic rate coefficients for about 30 molecules (more than 50 
publications – many of them in collaboration between two or more groups)

Ø  Fruitful collaborations with astronomers (HCN/HNC, CH3COOH, HCl, N2H+ …)

Ø  Future project :
- ANR Cos Chem (Rennes, Bordeaux, Le Havre) : Anions excitation
- PCMI « relaxation des niveaux de structure fine dans les atomes 
interstellaires (Le Havre, Rennes, Bordeaux) : Theory and experiments
- PCMI « Excitation of complex organic molecules » (Grenoble, Montpellier 
Marne la Vallée)
- …

Grenoble: A. Faure, L. Wiesenfeld, C. Rist and F. Daniel
Bordeaux: T. Stoecklin, P. Halvick, O. Denis Alpizar, C. Naulin, M. Costes, A. Bergeat 

and S. Chefdeville
Meudon: N. Feautrier, C. Balança, A. Spielfiedel, F. Dayou and M.-L. Dubernet
Marne la Vallée: M. Hochlaf and Y. Ajili  
Le Havre: F. Lique, F. Dumouchel, Y. Kalugina, M. Lanza and M. Hernandez Vera
Rennes: S. Le Picard, I. Sims, M. Fournier
Montpellier: Y. Scribano
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