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We present a new set of potential energy surfaces (PESs) for the CH(X?II)-He van der Waals
system. Ab initio calculations of the CH-He PES were carried out using the open-shell single- and
double-excitation coupled cluster approach with non-iterative perturbational treatment of triple
excitations [RCCSD(T)]. The augmented correlation-consistent polarized valence quadruple-zeta
aug-cc-pVQZ basis set was employed augmented by mid-bond functions. Integral cross sections for
the rotational excitation in CH—He collisions were calculated using the new PES and compared with
available experimental results. The newly constructed PES reproduces the available experimental
results for CH(X?TI, v = 0)-He collisions better than any previously available PES. Differential cross
sections (DCS) are presented for the first time for this system and discussed within the context of
rotational rainbows. Finally, our work provides the first rate thermal coefficients for this system that
are crucially needed for astrochemical modelling and future anticipated experiments in CH(X?II, v =

0)-He collisions.

I. INTRODUCTION

The methylidene (CH) radical plays a significant role
in hydrocarbon combustion reactions [I], in the interstel-
lar medium (ISM) [2], in the sun and stellar atmospheres
[3, 4] and in comets [5]. It was one of the first molecules
to be observed in the ISM, and it is one of the most
abundant diatomic species in molecular clouds. CH be-
came a common probe of the diffuse interstellar medium.
The launch of the Herschel Space Observatory in 2010
opened a spectral domain hidden by the opacity of the
Earth atmosphere so that the Herschel satellite have re-
cently collected new CH emission data [6HS] with a spec-
tral resolution previously unmatched. This makes CH
an excellent tracer of the gas density in diffuse as well as
translucent-to-denser molecular clouds [§].

Together with radiative field emitted by stars, colli-
sions of CH(X) with H, Hy, He and electrons are expected
to be responsible for the CH(X) rovibrational populations
observed in astrophysical media. The methylidene being
a small hydrocarbon radical is also of interest in flame
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modelling and its transport coefficients in helium can be
calculated using the new more accurate potentials pre-
sented in this work. From a theoretical point of view,
CH(X)—-He collisions are much simpler than the reactive
CH(X) + H/H; collisions and as such they have attracted
much theoretical and experimental work.

The methylidene radical is also a very useful diatomic
in the search for varying fundamental constants. Because
of this, Truppe et al. presented the most accurate fre-
quencies of CH microwave [9,[10] and millimeter [11] tran-
sitions.

The ground electronic state configuration of CH is
10220230217t and therefore the ground electronic state
is of 2II symmetry [12]. The methylidene is a Hund’s
case (b) radical in its lowest rovibrational levels in its
ground electronic state, with the 2II; /2 spin-orbit state
being lower than the *II3/5 [13]. The *II; /5 and *II3/5
are labeled Fy and Fj, respectively. The electronic or-
bital angular momentum, L, is coupled with the rota-
tional angular momentum of the bare nuclei, R, to form
the total (excluding nuclear and electron spin) angular
momentum, N. N is then coupled with the electron spin
angular momentum, S, giving the total angular momen-
tum, J. In Hund’s case (b), J = N + 1/2 for the F}
and F» manifolds, respectively. J is coupled with the nu-
clear spin of H (I = 1/2) to give the grand total angular
momentum, F.
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Each rotational level is split into two A-doublet lev-
els of opposite parity. Collisional and photodissociation
processes often lead to a selective population of these
levels. These ‘propensity’ rules arise due to the differ-
ent properties, i.e. parity and symmetry of these nearly
degenerate A-doublet levels. The labelling of A-doublet
levels in diatomic molecules employs the symbols e/ f for
the parity [I4], and the symbols A’/A” for the symmetry
[15]. In the case of CH, the total number of electrons is
odd and therefore the total angular momentum quantum
number, J, is half-integer. When the sign of the wave
function of a given level remains the same under space-
fixed inversion operator, the level has a positive parity, p
= +1. Levels with parity (—1)/~'/2 or —(—1)/~'/2 are
designated as e or f, respectively. All series of levels in
which the electronic wave function at high .J is symmetric
or antisymmetric with respect to reflection of the spatial
coordinates of the electrons in the plane of rotation are
designated as A’ or A”| respectively. In CH(X), the Fje
and Iy f are A’, and the F} f and Fse are A”.

The interaction of CH(X) with any rare gas atom can
be described using two adiabatic potential energy sur-
faces (PES), 24’ and 2A”. The former PES describes the
He-CH system when the singly occupied orbital lies in the
He-C-H plane. The 24" PES describes the He-CH system
when the radical orbital is perpendicular to that plane.
In the scattering calculations, it is more convenient [16]
to use the average Vium = %(VA// + Va/), and the half-
difference Vgig = %(VAH — Vas) of these two PESs (as
defined later on in Egs. |3| and , respectively. The in-
termolecular potential can be conveniently expressed in
Jacobi coordinates (R, 6,r), where R is the distance be-
tween the CH centre of mass and the He atom, 6 is the
Jacobi angle between the intermolecular vector, R, and
the CH bond vector, r.

Macdonald and Liu [I7] presented the first, and only
so far, experimental work on CH(X)-He collisions

CH(X?TIL, N, J,e)+He — CH(X?II', N', .J',¢')+He (1)

where € and ¢’ can be either e or f. Using supersonic
expansion, they were able to state-select CH(X) radicals
in the lowest rotational levels and with equal popula-
tion in the A-doublet components. In their crossed-beam
experiment, the CH(X) radicals collided with He atoms
at collision energies (E.o) between 150 and 1400 cm™—!.
The product CH(N' = 3-7) levels were then probed in
a state-specific manner using laser-induced fluorescence
(LIF). Macdonald and Liu were able to obtain relative
values of inelastic integral cross sections, and they ob-
served a clear propensity for population of TI(A”) final
levels in rotational excitation of CH(X) radicals.
Dagdigian et al. [I8] explained this propensity using a
rather powerful argument which did not require any ac-
curate values of the underlying PES. They described the
interaction between any 7! (or 73) diatomic radical and
a rare gas atom in terms of Vi, and Vgig. They went on
to expand Vi as a sum of Py(cos(6)Vo(R), and Vg as a
sum of P?(cos()Vi2(R), where P, and P? are the regular

2

and associated Legendre polynomials, respectively. They
argued that in the case of CH(X)-He A” PES, the 7! rad-
ical orbital is out of the plane, which allows a very close
approach of the collision partner in the direction perpen-
dicular to the bond. The average potential is mainly re-
pulsive and hence has a positive sign, while the difference
potential is predominantly negative. By expanding the
potential matrix elements in terms of Vjo(R) and Vi2(R),
they showed that when the Vjo(R) terms are of oppo-
site sign to the corresponding Vjo(R) terms, something
expected to be true for 7! radicals, then upward transi-
tions into IT(A”) levels will be favoured compared with
transitions into II(A’) levels. They also used the PES by
Wagner et al., which was unpublished at the time, in or-
der to obtain values of integral cross sections, which were
in qualitative agreement with the experimental measure-

ments at a collision energy of 1000 cm™1.

Five years later, the first ab initio study of He-CH(X)
was presented by Wagner et al. [I9]. They confirmed
that the 2A” and 2A"” adiabatic PESs have very different
characteristics, with the former PES being more repul-
sive than the latter at bent geometries. The 24’ PES had
a shallow minimum corresponding to a collinear config-
uration, while the 24” showed a much deeper minimum
corresponding to a T-shaped arrangement. Alexander
et al. [20] used those PESs and obtained close-coupling
quantum mechanical integral cross sections which were in
a generally good agreement with the experimental values
obtained by Macdonald and Liu [I7].

Cybulski et al. [21] used unrestricted Mgller-Plesset
perturbation theory to obtain PESs that had similar
shapes with those by Wagner et al. but contrasting
numerical values. Later on, Ben Abdallah et al. [22]
obtained a well depth of the 2A” potential, D., of
60cm™! at R = 5.2a9 and § = 80° using coupled
electron pair approximation (CEPA-1) and augmented
correlation-consistent polarized valence quadruple-zeta
aug-cc-pVQZ (aVQZ) basis set. The minimum was much
deeper than the previously calculated values of 15.8 cm™*
and 47 cm ™! reported by Wagner et al. [19] and Cybulski
et al. [21], respectively. Ben Abdallah et al. were also
able to observe a second minimum in the 2A4’, which had
a troughlike form joining the region between R = 7.5 ay,
0 = 140° and R = 8.0ag and 8 = 180°. We also note
that there is some confusion about the CH bond lengths
employed in previous work. For example, Wagner et al.
[19] mention the values of 2.1108 and 2.15 ay, Cybulski
et al. [21I] used r = 2.15a9 because they thought that
that was the value employed by Wagner et al. Ben Ab-
dallah et al. used 2.116 a¢ which is almost identical with
the experimental value of 2.1163a¢ (1.1199A) [23]. In
a later work by Ben Abdallah et al. [24], inelastic cross
sections were calculated using the PES from [22]. As the
experiment provided only relative values of integral cross
sections, Ben Abdallah et al. calculated the ratios of in-
tegral cross sections for transitions into II(A"”) final levels
over the ones into TI(A’) final levels. The discrepancy be-
tween theory and experiment was in most cases less than
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7%, with worse agreement for transitions with larger in-
elasticity. Finally, Derouich and Ben Abdallah [25] used
the PES from [22] to show that the coupled states (CS)
approximation is sufficient for the photospheric condi-
tions of the Sun but not for the interstellar medium where
temperature is much lower.

In this work, we compute a new set of ab initio PESs
for the ro-vibrational excitation of CH(X2II) by He. De-
spite potential energy surfaces have been already pub-
lished, this is the first set of PESs for this van der Waals
complex computed using coupled clusters theory, which
is a current state-of-the-art method for computing high
quality potentials. Such PESs are highly needed in order
to interpret past and future experiments on the inelastic
scattering of CH with He. This paper is organized as fol-
lows: Section II presents the ab initio calculations, and
the analytical fit of the PES obtained. In Section III, a
comparison between experimental and theoretical inelas-
tic ICS, DCS and rate coefficients is described. Conclu-
sions drawn from this comparison, and future outlook are
also presented.

II. CONSTRUCTION AND FIT OF THE
CH(X)-HE PES

A. Ab initio calculations

As mentioned in the introduction, when the CH(X?2II)
radical interacts with a spherical structureless target, the
doubly-degenerate II electronic state is split into two
states, one of A’ symmetry and one of A” symmetry.

The CH-He “rigid rotor” PESs are described by the
two Jacobi coordinates R, the distance from the centre
of mass of CH molecule to the He atom, and 6, the an-
gle between R and the CH bond axis 7, with 6§ = 0°
corresponding to collinear He—C—H.

The intermolecular bond distance of CH was frozen at
its experimental equilibrium values [rcg = 2.116 bohr].
As demonstrated by Kalugina et al. [26], for the OH-
He system, there may be slight differences between the
two-dimensional PESs (calculated for a frozen bond dis-
tance) and the full dimensional PESs (obtained by av-
eraging over the intermolecular ground state vibrational
wavefunction). Consequently, in the present case, we an-
ticipate that restricting the intramolecular distance to
its equilibrium value may introduce little error into the
calculated inelastic rate coefficients at low temperature.
However, we expect that the inaccuracies will remain
lower than the error bar of the experimental measure-
ments or of the astronomical observations.

Ab initio calculations of the PESs of CH(X?II)-He van
der Waals complexes being in A’ and A" electronic states
were carried out at the partially spin-restricted coupled
cluster with single, double and perturbative triple excita-
tions [RCCSD(T)] [27, 28] level of theory using MOLPRO
2010 package [29]. In order to determine the interaction
potential, V(R, 0, rcn), the basis set superposition error
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(BSSE) was corrected at all geometries using the Boys
and Bernardi counterpoise scheme [30]:

V(Rv 97 TCH) = ECHfHe(R7 97 TCH)
—Ecu(R,8,7cu) — Eue(R, 0,7cu) (2)

where the energies of the CH and He monomers are com-
puted in a full basis set of the complex.

For all three atoms, we used the standard correlation-
consistent polarized valence-quadruple-zeta basis sets of
Dunning [31] (cc-pVQZ) augmented with the diffuse
functions of s, p, d, f and g symmetries (aug-cc-pVQZ)
[32]. This basis set was further augmented by the
[3s3p2d2f1g] bond functions optimized in Ref. [33] and
placed at mid-distance between the He atom and the CH
centre of mass.

The calculations were carried out for # angle values
from 0° to 180° in steps of 15°. R-distances were varied
from 3.0 to 50.0 ag, yielding 41 points for each angular
orientation.

B. Analytical representations

In order to perform the scattering calculations we need
to represent the CH—He potentials in the form of analyti-
cal expressions. For this purpose, we expand the so-called
half-sum (Vium ) and half-difference (Vi) diabatic poten-
tials, as previously defined by [16], in a series of reduced
Wigner functions dj,(cos 6):

Vau(R,0) = 5 [Van (R.0) + Vi (R.O)] = (3)

lmaa

- Z Vio(R)dyo (cos 6)
1=0

Van(R0) = 3 [Var(R.0) ~ Va(R0)] = (4)

lmaa

= Z Via(R)dy2 (cos9) .
1=2

For all the potentials in this work, we set [0, = 12.
This ensures that the anisotropy of these potentials is
well represented. The contour plots of our new Vium
and Vg diabatic and A” and A’ adiabatic potentials are
shown in Figure [I| We determined the V,(R) (1 =0,2)
radial coefficients by linear least squares fitting of the an-
gular expansion at each discrete radial point to a set of
angular ab initio points. The highly repulsive energies
were weighted in the fit with a weight of 1/E® to influ-
ence better description of the potential in the energies
that will be sampled during the scattering process. The
relative errors of the fits for typical distances are very
small for both complexes (from 0.1 to 1073 %). The ab-
solute error in the region of the attractive long range in-
teraction is usually on the order of 107! to 1072 em ™! or
better. The radial expansion coefficients V;,, (R) obtained
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FIG. 1: Contour plots of CH(X)-He diabatic Vyum (upper left panel), and Vg (lower left panel) RCCSD(T)
potentials, and adiabatic A” (upper right panel), and A" (lower right panel) RCCSD(T) potentials from this work.
Energy is in cm~!. Red contour lines represent repulsive interaction energies.

in this way are then represented by the one-dimensional
Reproducing Kernel Hilbert Space (RKHS) interpolation
fits [34] with the smoothness parameter m = 2 and with
the fixed long range R~° radial kernel for the extrapola-
tion beyond the last ab initio radial point at 50 ag. Plots
of the radial coefficients of the potential determined in
this work and potentials of Ben Abdallah et al. [22] and
Cybulski et al. [2I] are shown in Figure [2l The Fortran
routines for the newly developed PES are given as sup-
plementary data to this article.

al. [22]. The minimum geometry parameters of our A",
A’ and Vium PESs are shown in TableIIIand compared to
previously published potentials that we have just men-
tioned. The global minima of our new PESs are approx-
imately 20% deeper than those by Ben Abdallah et al.
and are even deeper than the results by Cybulski et al.
This result is expected as we recover more correlation
energy using the RCCSD(T) method than what CEPA-1
and UMP2 methods can provide. This effect can also be
seen in the upper panel of Figure [2] where we show the
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isotropic Vpo(R) radial expansion coefficients; they are
systematically more attractive when going from UMP2,
through CEPA-1 to RCCSD(T) calculations. This means
that we recover more of the dispersion energy described
by the Cg dispersion coefficient [35]. The other expansion
coefficients for [ > 0 are very similar between our PES
and the one of Ben Abdallah et al. Those coefficients de-

C. Features of the PESs

We will now describe features of the CH-He PESs and
compare our work with previous UMP2 potentials by Cy-
bulski et al. [2I] and CEPA-1 ones by Ben Abdallah et
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scribe anisotropy of the PESs, which seems to be similar
in these two PESs. The radial expansion coefficients of
Cybulski et al. PESs, which are also shown in Figure [2]
are distinctly different in comparison to present work or
Ben Abdallah et al. One reason is that it originates from
the UMP2 level of theory, and the second one, to a lesser
extent, is that Cybulski et al. used slightly different CH
diatomic distance in the determination of the PESs.

The Vium diabatic potential shown in the upper left
panel of Figure [1] is fairly shallow and characterized by
the skewed T-shape global minimum and the local min-
imum for the He—-C—H collinear geometry, whereas the
collinear He—H-C geometry is a saddle point. The differ-
ence potential, shown in the lower left panel of Figure
is mostly described by the Vs expansion term (see Fig-
ure as it is pretty much symmetric with respect to
0 = 90°.

In the right column of Figure [I] we show adiabatic
RCCSD(T) potentials: the A” with a deep van der Waals
minimum of -75.44 cm™! in the upper right panel, and
the fairly isotropic A’ adiabat in the lower right panel.
We refer the reader for the discussion of differences be-
tween the A’ and A” PESs (with respect to anisotropy)
to the detailed description by Cybulski et al. [21], where
they partition the interaction energy into the perturba-
tion theory components that can give clear insight into
the potential’s anisotropy. We believe that with the cur-
rent combination of the state-of-the-art ab initio method-
ology with fairly large basis set and midbond functions
our new potentials improve upon previously published
potentials, giving more precise description of the interac-
tion strength in the He-CH(X) van der Waals complex.
This is important in scattering calculations for obtaining
good quality collisional rate coefficients for astrophysi-
cal applications. We will now describe the scattering
methodology.

III. RESULTS
A. Scattering calculations

In order to test the newly constructed PES with avail-
able experimental data, close-coupling quantum scatter-
ing calculations were performed. The close-coupling cal-
culations were carried out using HIBRIDON program
[36], which provided integral and differential cross sec-
tions. The CH rotation, spin-orbit coupling and A-
doublet splitting were taken into account, using for
v = 0 the CH rotation constant B = 14.1924cm™!,
the spin-orbit coupling constant A = 28.1468cm™!,
and A-doubling parameters p = 0.0335cm™! and ¢ =
0.0387cm~! [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 as-
sumed to be independent of the CH-He intermolecular
separation. The latter approximation is commonly em-
ployed in scattering calculations because of the moderate-
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FIG. 2: Plots of the radial expansion coefficients of the
He-CH(X) PESs: Vg defined in Eq. [3 (upper panel) and
Via defined in Eq. {4 (lower panel).

to-large intermolecular separations at typical collision en-
ergies. The calculations were performed for collision en-
ergies up to 2500 cm~!, and a maximum value of total
angular momentum (J;or = 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 7.5fF, and 8.5fF; and for E., up to 2500cm™'. In
crossed molecular beam experiments, it is difficult to ob-
tain absolute values of integral cross sections. For this
reason, previous experimental and theoretical work pre-
sented values of the ratio of integral cross sections into
A" final levels versus those into A’ final levels. A com-
parison between ratios calculated from this study and
all previously published ratios are collated in Table [[I}
The agreement between this study and previous compu-
tational work is reasonable given that this work used a
more accurate PES. The results from this work reproduce
most of the experimental data within the experimental
error especially when we averaged over the initial experi-
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TABLE I: Minimum geometries (R,, ) in bohr and degrees and minimum energies, D,, in cm~*! for the
He-CH(X?II) A”, A’ and Vg, PESs calculated in this work and compared to previous published PESs. Note that
Ben Abdallah’s PES has an opposite definition of § = 0 which corresponds to the He-HC collinear geometry. Here

we adjust the Jacobi angle to coincide with our definition of #. The additional entry in parenthesis for the A’ PES of
Cybulski et al. shows equivalent skewed local minimum, which in our case and in Ben Abdallah’s PES is a global

minimum.

Method R.(A")  0.(A")  D.(A") R.(A") 0.(A") D.(A") Re(Voum)  9e(Vaum)  De(Veum)
RCCSD}ET)E‘ 5.06 103 75.44 7.32 140 12.94 6.56 116 18.03
CEPA- 5.16 103 61.56 7.44 141 10.50 6.76 117 14.23
UMP 5.26 103 50.74 7.74(7.71) 0(138) 7.72(7.64) 6.99 116 10.64
@ This work
b Ben Abdallah et

al. PES [22]
¢ Cybulski et al.

PES [21]
mental populations as provided by Alexander et al. [20].
The agreement between the experimental and theoreti- 18 ‘ 35
cal values of the ratios is not that good for the 4.5F5 and 1.6F 032 ﬂ\a‘o.of,\lg_ o 1
5.5F5 products. This could be explained if one considers ,g" 0. 8Q %°
that the initial (experimental) CH beam contained CH = Lar ,_;.;3’ 1
molecules in N > 10 which could contribute significantly = 12} o* ]
in the creation of products. In addition, the population b5 ‘g : A5(F
of the 4.5F; and 5.5F5 products is low, and we can ex- qﬁ i " i oo 000 -
pect larger error for the measurements. It may also in- g oslh 9,,° e“"&s §4%e e, i
dicate that perhaps further improvement of the ab initio 3 "o: ,._."'
potential energy surfaces is possible, especially at short 2 06 ,0‘;*‘0 55fF o009
intermolecular separations which are expected to lead to = 04l o so sa.,."egg o® et
products with high N. . ,,:o‘ .{53’ ‘ 5.5ng39

. . 2F B _ « 98
Following Alexander et al. [20], we compare theoretical <o ,8;5 g :»8‘ go® .:..6:).6.‘ v oo

values of ICS and scaled experimental values at various
collision energies in Fig. The calculations have taken
into account the initial (experimental) rotational popu-
lations as presented in the Table I by Alexander et al.
[20). The experimental values were taken from Fig. 4 in
Ref. [20], and were scaled to the theoretical values by
multiplication by a single constant factor. The compari-
son between theory and experiment is quantitative with
few exceptions at very low or very high collision energies.

Most of the crossed molecular beam experiments are
performed at collision energies around 500 cm~!. For this
reason, the cross sections at that F.. for all possible in-
elastic transitions out of CH (X2II;/5,v = 0,5 = 0.5)
+ He collisions are shown in Fig. Comparing the
graphs in the lower panel with those in the upper panel, a
propensity for spin-orbit manifold conserving (F» — F)
transitions over spin-orbit manifold changing (Fy — F)
transitions is not observed. Alexander and Dagdigian ob-
served such a propensity in CH(X) + Ar collisions [37].
The authors stated that purely electrostatic interactions
can change only N but not S. Thus, the relative ori-
entation of N and S, which determines the spin-orbit
manifold, will have a propensity to remain the same dur-
ing a collision. This propensity is observd but only at
higher collision energies, as shown in Fig. 5] Such effect
was also observed in OH(X)-He collisions [26] B38]. Com-
paring the ICS for transitions into A” versus those into

0 .

250 500 750

Eo/cm™

1000 1250 1500

FIG. 3: Comparison of normalized experimental (filled
red circles) and theoretical (empty blue circles) inelastic
integral cross sections for transitions into specific CH
A-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.

A’ levels, there is a propensity for transitions into the an-
tisymmetric levels. This propensity appears in the ICS
at various collision energies for final levels with N > 5, as
shown in Fig.[f] We note that this propensity becomes
less dominant and sometimes reverses at low N levels.
This happens because the degree of electron alignment
strongly depends on the rotational level as shown in [I7].

C. Differential Cross Sections

The calculated DCSs were obtained with resolution
of 1°. The full set of CH(X2H1/27’U =0,J = 05) +

Page 6 of 12
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TABLE II: Cross sections (in A2) for collisions out of CH(X21'11/27 v=0,J =1/2) + He at a collision energy of
1000 cm 1.
Final state (car/oar)
J F/ e—e f—=Ff e—f f—e Calc. Expt.
3/2 1 0.344 0.346 6.665 3.454 1.85% (1.63)
3/2 1 1.29°
3/2 1 0.4428 0.4291 6.203 3.667 1.61¢ (1.206)
5/2 1 1.341 4.205 0.961 0.837 2.37% (2.15%)
5/2 1 2.07°
5/2 1 1.350 4.145 0.7997 0.7246 2.384 (1.84°)
7/2 1 0.363 0.682 2.561 0.776 2.85% (2.44°) 2.107
7/2 1 2.17°
7/2 1 0.3362 0.6625 2.187 0.8060 2.494 (1.95°)
9/2 1 0.285 1.199 0.513 0.251 3.19% (2.98") 2.487
9/2 1 2.61°
9/2 1 0.3321 1.129 0.5176 0.2295 2.934 (2.39%)
11/2 1 0.086 0.191 0.460 0.106 3.39¢ 2.67f
11/2 1 0.0932 0.2161 0.5296 0.1202 3.494 (2.78°)
3/2 2 0.317 0.308 3.631 7.075 1.88¢ (1.816)
3/2 2 1.80°
3/2 2 0.395 0.3917 3.130 6.449 1.947 (1.69°)
5/2 2 3.081 1.386 0.574 0.861 2.01% (1.96°) 1.96¢
5/2 2 3.235 1.419 0.4776 0.7626 2.11¢4 (1.90%)
7/2 2 0.418 0.121 0.520 1.766 3.41¢ (3.29b) 1.917
7/2 2 2.55°
7/2 2 0.381 0.1347 0.6001 1.586 2.684 (2.35°9)
9/2 2 0.494 0.112 0.069 0.165 3.64¢ 2.31f
9/2 2 0.5621 0.1496 0.07694 0.2062 3.394 (2.86°)
11/2 2 0.102 0.015 0.022 0.110 5.73% 2.85¢
11/2 2 0.1137 0.01856 0.02886 0.1562 5.694 (3.90°)

“From Dagdigian et al. [I8] using the Wagner-Dunning-Kok PES [19].
bAveraged values presented by Ben Abdallah et al. [24] based on initial values by Dagdigian et al. [I8] using the
Wagner-Dunning-Kok PES [19].
°From Ben Abdallah et al. [24] using the PES from Ben Abdallah et al. [22].
4This work using the newly constructed PES.
“This work using the newly constructed PES and averaging over the experimental initial populations taken from Alexander et
al. [20].
fValues presented by Dagdigian et al. [I8] using the experimental values by Macdonald et al. [I7]. The experimental
uncertainty was stated +15%.

He DCSs for inelastic transitions at a collision energy
of 500cm ™!, which is typical in molecular beam experi-
ments, are shown in Fig. [6] for the 12 lowest energy lev-
els in increasing energy of the final level. Using clas-
sical arguments, backward scattering is associated with
sampling of the short-range repulsive potential, leading
to transitions with high AJ. Generally, the theoretical
results reproduce this trend. Another conclusion from
Fig. |§| is that DCS into A” final levels, i.e. fF; and eF}
are more forward than into A’ final levels, i.e. eF; and

fF5. This is consistent with the argument by Dagdigian
et al. [I8] that the A” surface is more attractive for a
molecule of 7 electron occupancy as the sole 7 electron
lies perpendicular to the triatomic plane.

Macdonald and Liu [I7] had predicted the existence of
rotational rainbows (i.e. maxima) in the DCSs based on
(a) the dynamical threshold in the excitation functions,
and (b) the distinct structures in the rotational level dis-
tributions at a fixed E... Here we show that this system
will show rotational rainbows in a typical crossed beam
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FIG. 4: State-to-state inelastic cross sections for CH (X211, /2,0 =0, j = 0.5) scattered by He at a collision energy of
500cm~!. The initial spin-orbit manifold and A-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 A” (fF; and eF5)
levels are represented by filled red circles; transitions into A’ (eF; and fF5) levels are represented by empty blue
circles.

experiment. Finding rotational rainbows in DCS is not
always straightforward because, in most of the experi-
ments, the initial population is an equal mixture of e
and f levels. As shown in Fig. [6] rotational rainbows
will be easier observed if we select the initial A-doublet
level. As it is currently possible to select only f initial
levels using hexapole field [39], we propose a DCS experi-
mental measurement for the transition 0.5fFy — 3.5f F5.
If it was possible to select e initial levels, we would pro-
pose a DCS experimental measurement for the transi-
tions 0.5efy — 2.5eFy, 3.5¢eF7.

D. Kinetic Rate Coefficients

Thermal rate coefficients were obtained by integration
of the integral cross sections over a Boltzmann distri-
bution of relative translational energies using a reduced
mass 4 = 3.0608 amu. Rate coefficients were calculated
for temperatures between 10 and 300K. The complete
set of (de)excitation rate coefficients among 31 channels
(up to 7.5fF5 and up to 8.5fF;) will be available online

from the BASECOL database [40]. In Fig. [7] the rate
coefficients for the same transitions as those in Fig. [f]
are shown. A clear observation from Fig. [7] is that the
propensity for transitions into final A” levels becomes
more pronounced at higher temperatures.

Due to the low density of the interstellar medium, the
energy levels of the molecules are not at local thermody-
namical equilibrium. Thus modelling of molecular emis-
sion of these species requires excitation calculations using
radiative as well as collisional rate coefficients with the
most abundant interstellar species that are generally He
and Hs. The present rate coefficients, the first published
for the CH molecule, will allow to perform model calcu-
lations with the goal to fit the observational data avail-
able in the Herschel archive and/or future observations
of the CH molecule. Hence, it will be possible to have an
accurate estimation of the CH abundance in molecular
clouds.

Page 8 of 12
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FIG. 5: State-to-state excitation functions for CH (X211, /2,0 =0, j = 0.5) scattered by He. The final N quantum
number is shown in the title of the graphs. The final products are shown: eFy (black solid), fF5 (purple dashed),
eFy (blue dotted) and fF; (red dashed-dotted).

IV. DISCUSSION

In summary, the quality of the new, two dimensional
CH(X)-He PES is verified by comparison with previ-
ous experimental and theoretical data. The results
from this computational work show the best agreement
with the available experimental values. We also showed
that future measurements of DCS will exhibit rotational
rainbows if the initial A-doublet level is selected us-
ing hexapole field. We verified the previously observed
propensity for population of TI(A”) final levels in rota-
tional excitation of CH(X) radicals by He, and we showed
for the first time that this propensity will also be observed
in rate coefficients and magnified at higher temperatures.

The CH(X)-He rate coefficients, presented here for the
first time, can be used to aid astrophysical modelling.
Accurately determining the CH abundance in the inter-
stellar medium is of key importance. Indeed, the CH
radical is highly reactive and the reaction of CH with the
different interstellar atoms (O, N, C) will contribute to
initiate the interstellar chemistry. In particular, the re-
action of CH with atomic N or C will be major sources of
key interstellar molecules like CN or Cy [41]. We then an-

ticipate significant advances in the interstellar (carbon)
chemistry understanding by the use of these new colli-
sional data.

New CH(X) + He scattering experiments will be soon
started within the HYDRIDES project [42] In these ex-
periments, inelastic rate coefficients for CH(X) collisions
at low and intermediate temperatures will be measured.
The present data will allow full analysis of the experi-
mental measurement. Finally, the extension of this work
to collisions of CH radicals with other collision partners
(H, Hy, rare gas) will provide valuable information in a
rich variety of chemical processes where the CH is a key
species.
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