
Grand Valley State University
ScholarWorks@GVSU

Peer Reviewed Articles Chemistry Department

5-1-2013

BASECOL2012: A collisional database repository
and web service within the Virtual Atomic and
Molecular Data Centre (VAMDC)
M.-L Duberne
Université Pierre et Marie Curie, marie-lise.dubernet@obspm.fr

M. H. Alexander
University of Maryland

Y. A. Ba
Université Pierre et Marie Curie

N. Balakrishnan
University of Nevada-Las Vegas

C. Balança
Observatoire de Paris

See next page for additional authors

Follow this and additional works at: https://scholarworks.gvsu.edu/chm_articles

Part of the Chemistry Commons

This Article is brought to you for free and open access by the Chemistry Department at ScholarWorks@GVSU. It has been accepted for inclusion in
Peer Reviewed Articles by an authorized administrator of ScholarWorks@GVSU. For more information, please contact scholarworks@gvsu.edu.

Recommended Citation
Duberne, M.-L; Alexander, M. H.; Ba, Y. A.; Balakrishnan, N.; Balança, C.; Ceccarelli, C.; Cernicharo, J.; Daniel, F.; Dayou, F.;
Doronin, M.; Dumouchel, F.; Faure, A.; Feautrier, N.; Flower, D. R.; Grosjean, A.; Halvick, P.; Kłos, J.; Lique, F.; McBane, G. C.;
Marinakis, S.; Moreau, N.; Moszynsk, R.; Neufeld, D. A.; Roueff, E.; Schilke, P; Spielfiedel, A.; Stancil, P. C.; Stoecklin, T.; Tennyson,
J.; Yang, B.; Vasserot, A.-M.; and Wiesenfeld, L., "BASECOL2012: A collisional database repository and web service within the Virtual
Atomic and Molecular Data Centre (VAMDC)" (2013). Peer Reviewed Articles. 32.
https://scholarworks.gvsu.edu/chm_articles/32

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Scholarworks@GVSU

https://core.ac.uk/display/220123794?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://scholarworks.gvsu.edu?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.gvsu.edu/chm_articles?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.gvsu.edu/chm?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.gvsu.edu/chm_articles?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.gvsu.edu/chm_articles/32?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@gvsu.edu


Authors
M.-L Duberne, M. H. Alexander, Y. A. Ba, N. Balakrishnan, C. Balança, C. Ceccarelli, J. Cernicharo, F. Daniel,
F. Dayou, M. Doronin, F. Dumouchel, A. Faure, N. Feautrier, D. R. Flower, A. Grosjean, P. Halvick, J. Kłos, F.
Lique, G. C. McBane, S. Marinakis, N. Moreau, R. Moszynsk, D. A. Neufeld, E. Roueff, P Schilke, A.
Spielfiedel, P. C. Stancil, T. Stoecklin, J. Tennyson, B. Yang, A.-M. Vasserot, and L. Wiesenfeld

This article is available at ScholarWorks@GVSU: https://scholarworks.gvsu.edu/chm_articles/32

https://scholarworks.gvsu.edu/chm_articles/32?utm_source=scholarworks.gvsu.edu%2Fchm_articles%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages


A&A 553, A50 (2013)
DOI: 10.1051/0004-6361/201220630
c© ESO 2013

Astronomy
&

Astrophysics

BASECOL2012: A collisional database repository and web service
within the Virtual Atomic and Molecular Data Centre (VAMDC)

M.-L. Dubernet1,2, M. H. Alexander3, Y. A. Ba1, N. Balakrishnan4, C. Balança5, C. Ceccarelli6, J. Cernicharo7,
F. Daniel7, F. Dayou5, M. Doronin1, F. Dumouchel8, A. Faure6, N. Feautrier5, D. R. Flower9, A. Grosjean10,

P. Halvick11, J. Kłos2, F. Lique8, G. C. McBane12, S. Marinakis1, N. Moreau5, R. Moszynski13, D. A. Neufeld14,
E. Roueff15, P. Schilke16, A. Spielfiedel5, P. C. Stancil17, T. Stoecklin11, J. Tennyson18, B. Yang17,

A.-M. Vasserot1, and L. Wiesenfeld6

1 LPMAA, CNRS UMR 7092, Université Pierre et Marie Curie, Case 76, 4 Place Jussieu, France
e-mail: marie-lise.dubernet@obspm.fr

2 Observatoire de Paris-Meudon, 5 Place Janssen, 92195 Meudon Cedex, France
3 Department of Chemistry and Biochemistry, University of Maryland, College Park, MD 20742, USA
4 University of Nevada-Las Vegas, Las Vegas, NV 89154, USA
5 LERMA, CNRS UMR 8112, Observatoire de Paris, 5 Place Janssen, 92195 Meudon, France
6 UJF–Grenoble 1/CNRS-INSU, Institut de Planétologie et d’Astrophysique de Grenoble (IPAG), UMR 5274, 38041 Grenoble,

France
7 CAB. INTA–CSIC, Crta. Torrejón km 4, 28850 Torrejón de Ardoz, Madrid, Spain
8 Laboratoire Ondes et Milieux Complexes, CNRS UMR 6294, Université du Havre, 25 rue Philippe Lebon, BP 540,

76058 Le Havre, France
9 Physics Department, The University of Durham, Durham, DH1 3LE, UK

10 Institut UTINAM, UMR CNRS 6213, 41 bis avenue de l’Observatoire, BP 1615, 25010 Besançon Cedex, France
11 Institute des Sciences Moléculaires, CNRS UMR 5255, Université Bordeaux I, 351 Cours de la Libération, 33405 Talence, France
12 Department of Chemistry, Grand Valley State University, Allendale, Michigan 49401, USA
13 Quantum Chemistry Laboratory, Department of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland
14 Department of Physics and Astronomy, The Johns Hopkins University, 3400 North Charles St., Baltimore, MD 21218, USA
15 LUTH, Observatoire de Paris, 5 Place Janssen, 92195 Meudon, France
16 I. Physikalisches Institut der Universität zu Köln, Zülpicher Str. 77, 50937 Köln, Germany
17 Depart. of Physics and Astronomy and Center for Simulational Physics, The University of Georgia, Athens, Georgia 30602-2451,

USA
18 Department of Physics and Astronomy, University College London, London WC1E 6BT, UK

Received 25 October 2012 / Accepted 4 March 2013

ABSTRACT

The BASECOL2012 database is a repository of collisional data and a web service within the Virtual Atomic and Molecular Data
Centre (VAMDC, http://www.vamdc.eu). It contains rate coefficients for the collisional excitation of rotational, ro-vibrational, vi-
brational, fine, and hyperfine levels of molecules by atoms, molecules, and electrons, as well as fine-structure excitation of some atoms
that are relevant to interstellar and circumstellar astrophysical applications. Submissions of new published collisional rate coefficients
sets are welcome, and they will be critically evaluated before inclusion in the database. In addition, BASECOL2012 provides spec-
troscopic data queried dynamically from various spectroscopic databases using the VAMDC technology. These spectroscopic data
are conveniently matched to the in-house collisional excitation rate coefficients using the SPECTCOL sofware package (http://
vamdc.eu/software), and the combined sets of data can be downloaded from the BASECOL2012 website. As a partner of the
VAMDC, BASECOL2012 is accessible from the general VAMDC portal (http://portal.vamdc.eu) and from user tools such as
SPECTCOL.

Key words. molecular data – virtual observatory tools – astronomical databases: miscellaneous – ISM: molecules – scattering –
molecular processes

1. Introduction

Since the discovery of the first molecule in the interstel-
lar medium (ISM) some fifty years ago, the number of de-
tected molecules has steadily increased with time to more than
200 molecules nowadays1. The study of ISM molecules has
various motives. First, it has been shown that a relatively rich

1 E.g. see the list at www.astrochymist.org/
and www.astro.uni-koeln.de/cdms/molecules

chemistry can occur in the ISM, where the conditions are rather
harsh in terms of temperature and density when compared to
those on Earth. This chemistry mainly forms small diatomic
molecules but also complex polyatomic molecules, the largest of
them organic, which leads to the unanswered question of what
might have been the role of ISM molecules in the terrestrial
life appearance. Second, molecules are extremely important for
probing the physical conditions of the gas, thanks to the fact that
molecular lines are formed under particular temperatures and
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densities that depend on the precise molecule structure and ob-
served line. As a consequence, multifrequency observations can
be used to reconstruct the physical structure of the studied ob-
ject. However, in practice this is only possible if the so-called
“collisional rate coefficients” are known. In the vast majority of
the conditions present in the ISM, these coefficients are indis-
pensable i) to convert an observed signal into a species column
density and, therefore, abundance; and ii) to constrain the den-
sity and temperature of the emitting or absorbing gas. To this
end, the molecular dynamics/quantum chemistry communities
have been (and still are) extremely active in providing accurate
collisional rate coefficients values (Dubernet et al. 2011).

With the advent of a new generation of heterodyne in-
struments possessing large instantaneous bandwidths, from the
ground-based single-dish 30m IRAM to the Atacama Large
Millimeter/submillimeter Array (ALMA) interferometer, and to
the Herschel Space Observatory, the simultaneous observations
of several molecular transitions is routine nowadays. In fact,
unbiased spectral surveys are becoming a privileged tool for
studying the chemical and physical structure of astrophysical
sources (Bergin et al. 2010; Ceccarelli et al. 2010; Caux et al.
2011; Patel et al. 2011; Tercero et al. 2011; Ginard et al. 2012;
Zernickel et al. 2012). Finally, the ever-increasing sensitivity of
receivers will also lead to an increasing number of molecular
lines to interpret. The huge investment in these new facilities,
such as the Herschel-Heterodyne Instrument for the Far-Infrared
(HIFI) (de Graauw et al. 2010) or the ALMA interferometer2,
therefore, makes the knowledge and availability of the colli-
sional coefficients essential. In fact, in this context, having easy
access to database of collisional coefficients has become more
than an urgent need: it is a must.

The BASECOL database was first established at Besançon
Observatory in 2002 in order to provide a compila-
tion of references related to inelastic rate coefficients for
atoms and molecules detected in ISM. The next version,
BASECOL2005 (Dubernet et al. 2006) hosted at Paris
Observatory (basecol.obspm.fr), was extended to include
rate coefficients for some molecular species colliding with atoms
and molecules. This version was accessible via its conven-
tional web interface and via an automatic procedure for retriev-
ing data (Moreau & Dubernet 2006a,b). The Leiden LAMDA
database was established at the same time (Schöier et al. 2005).

BASECOL works on the concept of a collisional system
comprising an atomic or molecular target species that contains
internal structure and a projectile, which in general is assumed
to be unstructured; however, this is not always the case, as seen
in the discussion of collisions with H2 in Sect. 2.2.1. The tem-
perature used for the rate coefficients is the relative translation
of the two colliders, while the target states are generally treated
as being fully resolved.

Since the previous editions of BASECOL, fitted func-
tions for many available rate coefficients have been added,
collisional systems involving electrons have been included,
and there have been continuing updates of the database with
the latest published results for collisional systems of interest.
However, the greatest conceptual change is the implementation
of BASECOL2012 within the Virtual Atomic and Molecular
Data Center3 (Dubernet et al. 2010; Endres et al. 2011; Rixon
et al. 2011).

The primary goal of the BASECOL database is to provide
a standard repository of collisional rate coefficients for use by

2 http://www.almaobservatory.org/
3 www.vamdc.eu

the scientific community. To ensure data quality, inclusion in
BASECOL requires the team to critically evaluate any input data
by reading the relevant papers and, when necessary, communi-
cating with the original authors. Currently, BASECOL provides
collisional data sets as originally published only and archives of
earlier datasets for each given collisional system, thus provid-
ing long-term preservation of the data. For guidance to users,
BASECOL indicates some sets as “recommended” based on an
evaluation by the BASECOL team.

It should be noted that at present BASECOL does not
contain experimental rate coefficients because those data are
rarely obtained directly. Indirect measurements, such as line-
broadening coefficients, are not relevant to BASECOL since
it is hard to extract accurate collisional excitation rate coef-
ficients from such measurements, see Drouin et al. (2010),
Krupnov (2010),Wiesenfeld & Faure (2010), and finally Drouin
& Wiesenfeld (2012) as an illustrative example. Nevertheless,
indirect measurements of line broadening, line-shifting coeffi-
cients, or bound states of Van der Waals systems can give an as-
sessment of the accuracy of some regions of the potential energy
surfaces used in the heavy particle scattering calculations.

The database has a “Data” section that includes: a) Collision
browser or search engine sections that give access to the colli-
sional systems linking to collisional rate coefficients combined
with experimental spectroscopic information and a brief descrip-
tion of the theoretical methodology used. b) Information on the
energy levels used in the molecular dynamics calculations: this
section is aimed at theoreticians who want to reproduce the rate
coefficient calculations.

A “Bibliographic” section provides access to the biblio-
graphic databases, and the “Tools” section provides tools that
might be of interest to the astrophysical community, in par-
ticular the SPECTCOL tool (Dubernet et al. 2012; Dubernet
& Nenadovic 2011) as well as some code packages to han-
dle BASECOL data sets. A “Submit new data” section pro-
vides instructions about how to submit new collisional data
sets. A “Publication” section contains publications associated to
BASECOL, i.e. reviewed papers, proceedings, etc. The “Field
news” section is meant to display information on current devel-
opments and future needs, the “Support” section provides infor-
mation about how to register to the basecol-user list.

2. Overview of the BASECOL database
2.1. A bibliographic database on molecular energy transfer

Currently there are a total of 829 references in the bibli-
ographic database, which is updated regularly. These refer-
ences are mainly linked to the collisional data sets entered in
BASECOL. They range from purely theoretical papers on dy-
namical or quantum chemistry methods to papers describing po-
tential energy surfaces, collisional cross sections, and rate coef-
ficients. In addition to a standard bibliographic search engine, a
search via in-house keywords is provided since all papers have
been indexed with keywords relevant for the inelastic collisions
contained in BASECOL. Whenever possible, links to the web
pages that have the original publications or to the SAO/NASA
Astrophysics Data System (ADS) are also provided. The result-
ing citations can be extracted in BibTeX format.

2.2. Collisional systems

The BASECOL2012 database gathers and keeps information on
collisional systems. This means that for a given collisional sys-
tem, the users have access to sets calculated by different authors
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or by the same authors at different times. BASECOL2012 has the
policy of not scaling the collisional rate coefficients of molecule-
He systems and pretending that such scaled data can replace
the corresponding molecule-H2 data. It also does not scale a
given neutral-neutral system to mimic another isoelectronic sys-
tem. BASECOL2012 directly gets its spectroscopic data dynam-
ically from the CDMS, JPL, HITRAN databases and keeps their
own version. BASECOL2012 keeps a version of its own inter-
nal data sets. BASECOL collisional data allows for the possi-
bility of state-to-state rate coefficients including transitions in a
structured collider. Such a possibility is rich from the physical
point of view, but might both complicate the lives of users and
be considered as a feature of BASECOL. Therefore Sect. 2.2.1
provides the necessary explanations and recommendations. All
these aspects define the difference between the BASECOL2012
and the LAMDA (Schöier et al. 2005) databases.

Another feature of BASECOL arose because users encoun-
tered difficulties choosing between different collisional sets
for a given system, therefore a “recommended” mention is
added to BASECOL2012 (see Sect. A.7). A long-lasting de-
mand on BASECOL has been to provide combined colli-
sional and spectroscopic data in the format used by the radia-
tive transfer code RADEX (van der Tak et al. 2007), which
is also used by the LAMDA database (Schöier et al. 2005).
Therefore, BASECOL2012 has added this new feature in the
“Radiation/Collision” section of the collisional sets. Table A.1
summarizes the information available for each collisional set.

2.2.1. Rate coefficients

The collisional rate coefficients provided by BASECOL are
state-to-state rate coefficients, effective rate coefficients, and
thermalized rate coefficients, each of which is defined below. In
most cases state-to-state (de-)excitation rate coefficients are ob-
tained at a given temperature from Boltzmann thermal averages
of the calculated state-to-state inelastic cross-sections obtained
on a grid of kinetic energies E:

R(α→ α′; β→ β′)(T ) =(
8
πμ

)1/2 1
(kBT )3/2

∫ ∞

0
σα→α′ ;β→β′(E) E e−E/kBT dE, (1)

where kB the Boltzmann constant, μ the reduced mass of the col-
liding system, and (α, β), (α′, β′) represent the initial and final
levels of the target (α) and collider (β)) species. Therefore a typ-
ical BASECOL rate coefficient table is composed of the follow-
ing items: Cols. 1 and 2 contain the initial α and final α′ levels of
the target, Cols. 3 and 4 contain the initial β and final β′ levels of
the collider, the subsequent columns give the state-to-state rate
coefficients (Eq. (1)) at different temperatures.

These state-to-state collisional rate coefficients follow the
principle of detailed balance, and reverse rate coefficients
R(α′ → α; β′ → β)(T ) can be obtained from forward rate co-
efficients by the usual formula:

gα′ gβ′ e
− E′int (α′)

kBT e−
E′int (β′ )

kBT R(α′ → α; β′ → β) =
gα gβ e−

Eint (α)
kBT e−

Eint (β)
kBT R(α→ α′; β→ β′), (2)

where gα and gβ are the statistical weights related to the ro-
vibrational levels of the target and collider, respectively, and the
different Eint are the ro-vibrational energies of the species.

When the collider is an electron or an atom whose internal
energy does not change during the collision, the state-to-state

(de)-excitation rate coefficient is Eq. (1) with β = β′ = 1. For
ISM studies, the usual atomic colliders are He, H, H+, whose
internal states do not change during the collision for kinetic en-
ergies relevant to ISM studies.

When the collider is a molecule, such as H2, no such simpli-
fication occurs rigorously because the first transition in the rota-
tional levels of para–H2 and ortho–H2 occurs around 354 cm−1

and 587 cm−1, respectively. Nevertheless, except for the latest
H2O–H2 calculations of Daniel et al. (2011, 2010) and Dubernet
et al. (2009), where excitation of j(H2) = 2, 3, 4 are consid-
ered, and for the SiS-H2 system (Kłos & Lique 2008), HNC–
H2 (Dumouchel et al. 2011), and CN−–H2 (Kłos & Lique 2011)
where rate coefficients with j(H2) = 2 were provided, nearly all
published calculations do not allow excitation of H2, thereby
fixing H2 in its lowest para ( j = 0) and ortho ( j = 1) states.
Within this approximation, which is usually but not always jus-
tified in the ISM, the state-to-state (de)-excitation rate coefficient
is Eq. (1) with β = β′ = 1 as for atoms.

State-to-state rate coefficients that include excitation of the
colliding H2 (Daniel et al. 2011, 2010; Dubernet et al. 2009) are
not directly usable in the current astrophysics radiative transfer
codes since these codes do not explicitly consider excitation of
the collider. In this case it is necessary to use the so-called ef-
fective rate coefficients R̂β(α→ α′), which are given by the sum
of the state–to–state rate coefficients (Eq. (1)) over final collider
states, β′ for a given initial β:

R̂β(α→ α′)(T )=
∑
β′

R(α→ α′; β→ β′)(T ). (3)

These effective rate coefficients do not follow the principle of de-
tailed balance, so both excitation and de-excitation rates should
be calculated explicitly. In BASECOL the effective rate coeffi-
cients are clearly identified as “Effective” and the table’s entry
for the collider initial level indicates the β level of Eq. (3), while
the collider final level is meaningless and is currently set equal
to the initial level for convenience.

Finally, de-excitation rate coefficients for a thermalized col-
lider can be obtained by averaging over the initial ro-vibrational
levels of the collider:

R(α→ α′)(T ) =
∑
β

ρ(β)R̂β(α→ α′)(T ) (4)

with ρ(β) = gβe
− Eint (β)

kBT /Z, where Z(T ) is the partition function
obtained as sum over the β states. Such rate coefficients follow
the principle of detailed balance.

For colliders having ortho/para species such as H2, the user
will consider the two species as independent in most cases.
It should be noted that quasi-classical calculations (QCT) cal-
culations, such as those of Faure et al. (2007b), directly cal-
culate the rotational de-excitation rate coefficients of H2O by
thermalized ortho/para H2 considered as separate species. In
BASECOL the thermalized rate coefficients are clearly identi-
fied as “Thermalized” and the entries for the collider’s initial
and final levels are meaningless. They are always denoted the
β = β′ = 1 level for convenience.

It has been found that for all collisional systems being stud-
ied the state-to-state or effective rate coefficients with j(H2) =
1 are always higher than those with j(H2) = 0, with the ex-
ception of excitation of the negative ion CN− (Kłos & Lique
2011) where there are no significant differences between the col-
lisions with the two species of H2. Furthermore, it was shown
for H2O–H2 (Daniel et al. 2011, 2010; Dubernet et al. 2009) that
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the effective rate coefficients for j(H2) = 2, 3, 4 are close to the
j(H2) = 1 effective rate coefficients. It is probably safe to assume
that this is a quasi-general feature. Therefore in the absence of
data for j(H2) greater than 1, thermalized quantum rate coeffi-
cients can be estimated using the effective rate coefficients with
j(H2) = 0, 1 replacing all others with j(H2) = 1 effective rate
coefficients.

2.2.2. Methodologies for collisions with heavy particles

The current heavy-particle BASECOL data is mostly based
on collisional calculations performed within the Born-
Oppenheimer approximation, which leads to a three-step proce-
dure: calculation of the so-called potential energy surfaces (PES)
via ab initio quantum chemistry or empirical methods, represen-
tation of the PES by some functional form useful for the dynam-
ical calculations, and finally dynamical calculations. For some
specific systems like open-shell radical (OH, NO, CH) in col-
lision with He and H2 or open-shell atoms (F, Cl) in collision
with He and H2, the collision may induce non adiabatic transi-
tions between different spin-orbit states (Baer 1975; Alexander
1985). In these case, non-Born-Oppenheimer effects have to be
taken into account in the dynamical calculations but the general
methodology stays the same as for collisions described within
the Born-Oppenheimer approximation.

The field of heavy particle molecular collisions underwent
intensive development in the 1960s and 1970s. Reviews by Light
(1979), Kouri (1979), and Secrest (1979) provide an introduc-
tion to quantum close coupling (CC) calculations (Arthurs &
Dalgarno 1960) and quantum decoupling approximate meth-
ods such as coupled states methods (CS) (McGuire & Kouri
1974; Pack 1974), decoupled l-dominant (DLD) approxima-
tion (DePristo & Alexander 1976) and effective Hamiltonian
methods (Rabitz 1976). The infinite order sudden (IOS) ap-
proximation (Tsien & Pack 1970a,b; Secrest 1975), which com-
bines centrifugal decoupling and the sudden approximation,
is often used when other quantum methods are too compu-
tationally demanding. These methods have been implemented
in the publicly available numerical code MOLSCAT (Hutson
& Green 1994; McBane 2004), which is mainly applica-
ble to collisions between closed-shell species ranging from
atom-diatom to diatom-asymmetric molecule scattering, and in
the codes HIBRIDON (Dagdigian & Alexander 2011)4 and
MOLCOL (Flower et al. 2000), which are designed to treat
both open and closed shell systems. It is generally accepted that
CC methods are the most accurate ones available, followed by
CS, IOS, DLD, and effective Hamiltonian methods. All these
methods can calculate state-to-state collisional cross-sections as
a function of the relative kinetic energy of the colliding species.
Alternatively approaches involving classical or semi-classical
approximations are available; the most common approach is the
quasi-classical trajectory (QCT) method (Pattengill 1979 and
references herein), which solves the classical Hamilton equa-
tions using a random (Monte Carlo) sampling of initial condi-
tions combined with a pseudo-quantization of internal energies.

4 HIBRIDON is a package of programs for the time-independent
quantum treatment of inelastic collisions and photodissociation written
by M. H. Alexander, D. E. Manolopoulos, H.-J. Werner, B. Follmeg,
Q. Ma, and P. J. Dagdigian, with contributions by P. F. Vohralik, D.
Lemoine, G. Corey, R. Gordon, B. Johnson, T. Orlikowski, A. Berning,
A. Degli-Esposti, C. Rist, B. Pouilly, G. van der Sanden, M. Yang, F.
de Weerd, S. Gregurick, J. Klos and F. Lique. More information and/or
a copy of the code can be obtained from the website http://www2.
chem.umd.edu/groups/alexander/hibridon/hib43.

If the initial and final quantum states of the species are selected,
state-to-state collisional cross sections can be computed as for
the above quantum methods. The field of molecular collisional
for the ISM owns a tribute to the work of Sheldon Green whose
entire work can be found in the BASECOL database. Some other
relevant references for molecular collision in the ISM can be
found in Flower (2007).

The dynamical methods used nowadays have not evolved
significantly since the 1970s, as reflected by the methodology
information given in BASECOL: see Table A.1 and information
sections of BASECOL. Some studies have used a combination of
methods, for example, the coupled states method for rotational
excitation, and the IOS method for the hyperfine excitation, de-
noted rCS/hIOS. In other cases, CC is used for low collision en-
ergies, and the CS approximation is employed at higher collision
energies, denoted CC/CS. If the quantum-mechanical method
employed cannot be categorized using the schemes mentioned
above, the catch-all notation QM is used.

The increase in computational power has allowed both the
treatment of more complex systems and an increase in the
accuracy of the dynamical methods used in the calculations.
Quantum chemistry calculations have evolved tremendously
thanks both to new theoretical developments and to the availabil-
ity of increasing computer power, making it possible to calculate
highly accurate PES. Recently the most popular methods for the
closed shell systems included in BASECOL are at the level of
the coupled cluster method with single, double, and nonitera-
tive triple excitations (CCSD(T)) calculations with large basis
sets as implemented in many quantum chemistry packages, see
for instance MOLPRO (Werner et al. 2012) or use symmetry-
adapted perturbation theory (SAPT) methodologies (Jeziorski
et al. 1994; Bukowski et al. 2008). The latter approach has an ad-
vantage since the long-range behaviour is fixed at the same level
of the theory and on the same basis set (Heijmen et al. 1996).
The increase in computer power has also allowed an increase
in the number of nuclear geometries spanning the potential en-
ergy surface’s parameter space, giving an improved description
of strongly anisotropic systems and of the long-range part of po-
tential energy surfaces. Nevertheless, for highly anisotropic sys-
tems or for systems with many parameters, real difficulties re-
main with the representation of the highly accurate, calculated
ab initio points by functional forms suitable for the dynami-
cal calculations. Poor fits can lead to a loss of accuracy in the
functional representation, although there has been some recent
progress in this area (Braams & Bowman 2009).

The accuracy of the ab initio potentials can mostly be
checked easily by comparing the measured and computed high-
resolution spectra, state-to-state cross sections, or rate constants.
Some information can also be obtained by comparing the ex-
perimental and theoretical differential cross sections, but here
the experimental data are usually not state-resolved, and thus
are less sensitive to the fine details of the potential. It has been
already demonstrated in the 1990s that the ab initio potentials
for simple atom-molecule systems like He-CO (Heijmen et al.
1997b) or Ar-CH4 (Heijmen et al. 1999b; Miller et al. 1999)
reproduce the experimental high-resolution spectra very well.
For some other systems, such Ne-CO (Moszynski et al. 1997)
or Ne-C2H2 (Bemish et al. 1998), small scalings were necessary
to quantitatively reproduce the experimental data. At the same
time, it was shown that the ab initio potentials reproduce the
(scarce) data for the state-to-state cross sections and rate con-
stants; see, for instance, Heijmen et al. (1997a) and Heijmen
et al. (1999a), respectively. Over the past decade, the complex-
ity of the systems that can be treated by ab initio methods has
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increased dramatically; see for instance, Bukowski et al. (2007)
and Jankowski et al. (2012), who show the accuracy that can be
reached for systems like the water dimer or CO-H2.

2.2.3. Methodologies for collisions with electrons

The ro-vibrational excitation of molecules by collisions with
electrons is a very active field, both experimentally and theoreti-
cally. Several theoretical methods and approximations are avail-
able, and the interested reader is referred to review papers on
electron impact rotational (Itikawa & Mason 2005) and vibra-
tional (Itikawa 2004) excitation. The theoretical procedure dif-
fers somewhat from those used for heavy particle collisions since
special methods are required to treat the continuum electron. As
far as nuclear motion is concerned, the adiabatic-nuclei (AN)
approximation, which is similar in spirit to the IOS approxima-
tion, has been widely employed to compute rotational and vibra-
tional cross sections (Gianturco & Jain 1986), but is only valid
away from resonances where the scattering electron is temporar-
ily trapped to form a quasibound state. The AN approximation
has been combined with the R-matrix method to compute in-
elastic rate coefficients for a variety of astrophysically impor-
tant molecules, see work by Tennyson and co-workers (Faure &
Tennyson 2001; Varambhia et al. 2009) and references therein.

The R-matrix method addresses the electron collision prob-
lem by splitting space into two regions: an the inner region where
the scattering electron is close to the target, and an outer or long-
range region. The wave function in the inner region is expanded
in terms of bound and continuum orbitals in a fashion similar
to quantum chemistry, whereas a set of close-coupling equations
are solved in the outer region. The method has recently been
reviewed by Tennyson (2010). For polar species, Born (for neu-
trals) and Coulomb-Born (for molecular ions) corrections, de-
noted in Table A.1 as R+Born, are required to account for high
partial wave contributions not included in the R-matrix calcula-
tions. It is necessary to correct the unphysical behaviour of cross
sections at rotational thresholds that are assumed to be degen-
erate in the AN approximation. For more details, the reader is
referred to Varambhia et al. (2009) and references therein. For
example, for electron collisions with water, very good agree-
ment is observed with various experimental data once allowance
is made for difficulties with measuring forward scattering (Faure
et al. 2004b; Zhang et al. 2009). In the case of molecular ions,
R+Born calculations have been shown to be accurate, down to
very low energies, by comparison with ro-vibrational quantum
defect calculations (Faure et al. 2006) and storage ring measure-
ments (Shafir et al. 2009). Alternatively rate coefficients for ro-
vibrational excitation of molecular cations by electronic impact
can be obtained through the multichannel quantum defect theory
(MQDT) as recently done for H+3 (Kokoouline et al. 2010).

2.2.4. Fitted and analytic functions of the rate coefficients

BASECOL contains the original published fits to the collisional
rate coefficients, when those are available, or provides in-house
fits to the published data. The fitting functions as a function of
temperature T are provided, and tabulated fitted parameters can
be downloaded. In addition a graphical interface allows the user
to plot a comparison between the fitted functions and the original
data.

The in-house fitting procedure is a part of the quality assess-
ment of the collisional data. Indeed the procedure ensures that
detailed balance is respected between interpolation points. As a

general rule, it is important to emphasize that these fits have no
physical meaning, and are only valid in the temperature range
where the data have been calculated; in particular, they should
not be used to perform extrapolations. The in-house fitting is
provided on request except if authors oppose the idea of provid-
ing fits of their data.

2.2.5. Coupling to experimental spectroscopic data
as a service to the ISM community

Studies of astrophysical non-LTE media require a combination
of collisional and spectroscopic data. Spectroscopic data is pro-
vided by databases such as the Cologne Database for Molecular
Spectroscopy database (CDMS5) (Müller et al. 2001, 2005), the
Jet Propulsion Laboratory catalogue (JPL6) (Pickett et al. 1998),
and the HIgh-resolution TRANsmission molecular absorption
database (HITRAN7) (Rothman et al. 2009). As a service to the
astrophysical community, the SPECTCOL tool (Dubernet et al.
2012; Dubernet & Nenadovic 2011) can be used to associate
BASECOL collisional data with spectrocopic data taken from
the databases listed above for each BASECOL target. Matched
spectroscopic data are available for each collisional system in
the sections “Labelling” and ‘Einstein”. If no spectroscopic data
are included, either those will be introduced in the future or
no spectroscopic data was found. In the latter case we will try
to propose some alternatives based on published spectroscopic
data. The last column of Table A.1 indicates which collisional
sets are matched with spectroscopic data. Versions of the spec-
troscopic databases are monitored each week, and updated sets
of matched spectroscopic data are generated whenever the spec-
troscopic data are updated. The different versions of matched
queried spectroscopic data are kept for reference and can be re-
trieved. The collisional data and the matched spectroscopic data
can be downloaded either separately in BASECOL format or as
a single file with the RADEX format (van der Tak et al. 2007)
which is often employed by ISM modellers. We note, however,
that RADEX format does not allow for any change of state of the
collider and only provides de-excitation rate coefficients. This
prevents the user from checking that the calculated rate coeffi-
cients satisfy a detailed balance. Therefore our RADEX outputs
only keep the initial α and final α′ levels (α > α′) of the tar-
get molecule from R(α → α′; β → β′)(T ) (Eq. (1)), and pro-
vide information on the state of the collider. For calculations
of state-to-state rate coefficients where the collider is kept in a
given state, the state is β = β′ = 1. For effective rate coefficients
R̂β(α → α′)(T ) (Eq. (3)) the state of the collider indicates that
β can be different from 1. For calculations of state-to-state rate
coefficients where the internal state of the collider changes, our
RADEX outputs keep the state-to-state rate coefficients corre-
sponding to the collider’s elastic process alone, i.e. only those
transitions corresponding to β = β′, and we indicate the value
of β.

2.3. Assessment and recommendation

Column 10 of Table A.1 indicates whether the data are
recommended or not, denoted “yes” and “no”, respectively.
These recommendations are reviewed by the BASECOL team,
whose members are the scientific co-authors of this publica-
tion. Whenever there is only one available data set, this set is

5 http://www.astro.uni-koeln.de/cdms
6 http://spec.jpl.nasa.gov/
7 http://www.cfa.harvard.edu/hitran/
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recommended except if there are some obvious problems with
the calculations. Whenever there are more data sets available,
the recommendation is based on the level of theory used in the
calculations.

In addition to the level of theory, the quality of the fitting
procedure for the PES and the quality of the dynamical calcu-
lations is assessed as far as the information provided by the au-
thors allows. For example in CC/CS dynamical calculations, dif-
ferent sources of inaccuracies can emerge: when cross sections
are provided on an inadequate grid of collision energies, then the
corresponding rate coefficients may be inaccurate, particularly at
low and high temperatures; there might be lack of convergence
of the basis sets used in the calculation, lack of convergence of
the cross sections with respect to total angular momentum, or
lack of convergence in the propagation parameters of the dif-
ferential equation. All these sources of inaccuracies should be
carefully checked for different energies and transitions, and in
principle an estimate of inaccuracies should be provided by the
authors. In addition the authors should provide an assessment of
the quality of the potential energy surfaces (see Sect. 2.2.2), as
well as comparisons with experimental data when available. The
flag “Recommended”, indicated on BASECOL interface, is as-
sessed on the basis of the quality information provided by the
authors, and the explanation about recommendation is given in
the information section associated with each collisional set.

3. Technical characteristics and interoperability
through VAMDC

The BASECOL2012 database is freely accessible from http://
basecol.vamdc.eu8 and is currently maintained and mirrored
in two geographically distinct locations of Paris Observatory.
This ensures long-term maintenance of services and 24-h
availability.

Each data set is labeled by a version number with the
date of “publication” or “modification” of the data set on the
BASECOL2012 website. A modification would correspond to
errors found in the datasets after the date of BASECOL publi-
cation. Modification of the data description does not lead to a
new version of the data set. The history of version is given at
the bottom of each data set main webpage. The version number,
together with the corresponding date of publication or modifica-
tion, is indicated in the data set’s file name, which can be down-
loaded in ASCII. The version of external spectroscopic data fol-
lows the version procedure of the original database.

BASECOL2012 is interoperable within the Virtual Atomic
and Molecular Data Center (VAMDC) (Dubernet et al. 2010;
Endres et al. 2011; Rixon et al. 2011); i.e., it is interoperable with
the current 24 atomic and molecular databases registered within
VAMDC and can be queried by any client that implements the
VAMDC standards9.

In particular, BASECOL2012 is accessible from the
VAMDC portal10 and from the SPECTCOL tool (Dubernet et al.
2012; Dubernet & Nenadovic 2011)11; that allow a user to mix
any sets of BASECOL collisional rate coefficients with any sets
of spectroscopic data. The SPECTCOL tool evolves with user
requirements, and the last version includes the possibilities of

8 Equivalent to http://basecol.vamdc.org, http://basecol.
obspm.fr, http://basecol.obs-besancon.fr
9 http://www.vamdc.eu/standards
10 www.vamdc.eu/portal
11 www.vamdc.eu/software

scaling the collisional rate coefficients, output of the data in the
RADEX format (van der Tak et al. 2007) and of discarding quan-
tum numbers when matching BASECOL energy levels with ex-
ternal databases energy levels. This last feature is very useful
because the XSAMS schema12 allows redundant information to
be transferred.

4. Perspectives

A well-maintained database is an evolving product, and some
new features are foreseen. The “Publication” section will be
upgraded with regular notes concerning new data and/or eval-
uation. Once the VAMDC standards are more stable, the
BASECOL energy levels (section “Labelling Energy levels”),
rate coefficients (section “Rate Coefficients”), and the combined
“Radiation/Collision” data will be emitted in XSAMS format for
download. We intend to provide a password-protected adminis-
trative interface enabling scientists to upload their most recent
results themselves. As a service to the astrophysics community,
we also intend to create some in-house combined collisional sets
that will include extrapolations in order to cover the full range
of temperatures and transitions necessary for the astrophysical
applications.
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Appendix A: Comments on some collisional
systems

A.1. Excitation of H2

In some CC or CS calculations, some collisional sets have been
obtained with rotational or rovibrational basis sets that are miss-
ing a few energy levels, because the basis set cuts were per-
formed using the principal rotational quantum number instead
of using a cut at a given energy. This is the case for H2 calcu-
lations and BASECOL has replaced the corresponding missing
collisional transitions by a value of zero for the rate coefficients
for the whole range of temperature. For collision identifier (ID)
24 and 26 (see Col. 1 of Table A.1), the rate coefficients have
not been calculated for transitions involving level 24 of ortho-
H2, (i.e. v = 1, j = 11), but are available for transitions involving
level 25 (v = 3, j = 7). Therefore all rate coefficients involving
level 24 are set to zero. For ID = 25, 27, 31, the rate coeffi-
cients have not been calculated for transitions involving level 27
of para-H2, (i.e. v = 1, j = 14), but are available for transitions
involving level 28 (v = 3, j = 8). Therefore all rate coefficients
involving level 27 are set to zero. For ID = 28 the rate coeffi-
cients have not been calculated for transitions involving levels
18, 20 of ortho-H2, (i.e. v = 3, j = 1; v = 3, j = 3). Therefore all
rate coefficients involving levels 18, 20 are set to zero.

12 http://vamdc.eu/standards
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A.2. Excitation of CH3OH

Quantum numbers and symmetries used to label the energy lev-
els of methanol have not been agreed on yet within VAMDC
and therefore the notation of Rabli & Flower (2010a,b, 2011)
are used in BASECOL. This notation might evolve in the future.

A.3. Excitation of H3O+ by electrons

The collision sets of o/p-H3O+ (Faure & Tennyson 2003) have
incomplete transitions because the authors considered only the
K = 0 and K = 1 ladders. The authors expect to complete the
original calculations by adding the K > 1 levels and extending
the temperatures down to 10 K.

A.4. Excitation of H+3 by electrons

The recommended sets of o/p-H+3 by electrons (Kokoouline et al.
2010) use a complete set of energy levels up to the 7th rota-
tional level for o-H3

+ and up to the 13th rotational level for p-H+3 .
Nevertheless, the collisional sets miss some transitions between
energy levels. The missing collisional rate coefficients can be set
equal to zero as the missing rate coefficients are typically three
orders of magnitude smaller than the given collisional data.

A.5. Excitation of o–H2O / p–H2O by electrons

The collision rotational sets of o/p-H2O-electron (Faure et al.
2004a) are only complete among the first 14th rotational lev-
els. The user is advised to use the ro-vibrational collisional sets
of Faure & Josselin (2008) for transitions from levels above the
14th rotational level and for temperature above 200 K.

A.6. Excitation of SiC2 and c-C3H2

The work of Green et al. (1987) on excitation of c-C3H2 by He
has been used by Chandra & Kegel (2000) to provide state-to-
state rate coefficients between the 47 lowest ortho levels and the
48 lowest para levels of c-C3H2 colliding with H2, for T = 30,
60, 90, 120 K. In the same paper, the work of Palma & Green
(1987) on excitation of SiC2 by He has been used to provide
state-to-state rate coefficients among the lowest 40 energy lev-
els of SiC2 colliding with H2 and for temperature T = 25, 50,
75, 100, 125 K. In BASECOL the calculations have been re-
done using the same ingredients as Chandra & Kegel (2000),
and we found that Chandra & Kegel (2000) do not provide rate
coefficients for collisions of c-C3H2 and SiC2 with H2, as the ti-
tle of their paper indicates, but instead collisions with He. The
LAMDA database Schöier et al. (2005) gives the wrong indica-
tion on this matter.

A.7. Excitation of o–H2O / p–H2O by He, H2

and recommendation

Owing to its importance in astrophysical studies, the calcula-
tion of collisional rate coefficients for the water molecule have

been refined through the past decades, and many sets are avail-
able for this molecule. The first set that was available to the
astrophysicists considered He as a collisional partner (Green
et al. 1993). This set can still be considered as a reference, but
only if collisions with He are considered explicitly in the mod-
elling. This set of rates must not be used to emulate collisions
with H2 by using an ad hoc scaling factor. The specific con-
sideration of H2 as a collisional partner was first considered by
Phillips et al. (1996). However, these early calculations, which
covered a reduced number of temperatures and water energy
levels, have been outclassed due to the calculation of a most
accurate PES (Faure et al. 2005; Valiron et al. 2008), which
has been used to calculate collisional rate coefficients with the
QCT method (Faure et al. 2007b) and with the quantum CC ap-
proach (Dubernet et al. 2009; Daniel et al. 2010, 2011). This
latter set is the most accurate and outclass the QCT set. We note
that the highest temperature considered in the quantum set is
1500 K while the QCT calculation extend to 2000 K. These
highest temperatures can be of interest in the study of the en-
velopes of AGB stars (Royer et al. 2010; Neufeld et al. 2011)
or to study shock regions (Nisini et al. 2010; Flower & Pineau
des Forêts 2012). For the range of temperature 1500–2000 K,
we still recommend using the quantum set rather than the QCT
set, by extrapolating the collisional rate coefficients. Indeed, the
comparison of the QCT and quantum rate coefficients made in
Daniel et al. (2012) showed that even at high temperature, the
QCT rate coefficients and quantum thermalized rate coefficients
can predict intensities that differ by up to a factor 3, an error
which can be directly linked to the difference in the magni-
tude of the rate coefficients which is also typically of a factor 3.
Extrapolating the quantum rate coefficients should thus be more
reliable.

Additionally, Faure & Josselin (2008) provide ro–vibrational
rate coefficients for the first five vibrational levels of both o-H2O
and p–H2O and for the range of temperature 200–5000 K. Due
to the high temperatures considered by this set, it is still recom-
mended when the ro–vibrational excitation has to be considered.
However, for the range of temperature covered by the quantum
CC calculations in (v1, v2, v3) = (0, 0, 0), i.e. Tk = 20−1500 K,
this set must not be used and the quantum CC calculations
should be used instead. Indeed, for the rotational transitions
among a given vibrational state, the rate coefficients of the Faure
& Josselin (2008) set are taken to be equal to the QCT rates of
Faure et al. (2007b) in (v1, v2, v3) = (0, 0, 0). These rates can
be directly replaced by the quantum CC rate coefficients. For
the collisional transitions between different vibrational states,
the Faure & Josselin (2008) rates still correspond to the QCT
rate coefficients of Faure et al. (2007b) but are scaled by a fac-
tor P(v − v′) which has been determined experimentally. In this
case, we recommend to use the quantum CC rate coefficients and
multiply these rates by the factor P(v − v′) provided by Faure &
Josselin (2008).
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